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In the present volume, the chapter on Thermo-dynamics is almost 
entirely the work of the Editor. Large portions of the chapters on 
Conduction and on Terrestrial Temperatures have also been re- 
written; and considerable additions have been made in connection 
with Hygrometry, the Theory of Exchanges, the Specific Heats of 
Gases, and the Motion of Glaciers. Minor additions and modifica- 
tions have been numerous, and will easily be detected by comparison 
with the similarly numbered sections in the original 

The nomenclature of units of heat which has been adopted, is 
borrowed fix)m Prof. G. C. Foster s article "Heat" in Watts* Dictionary 
of Chemistry. 
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TABLE FOB THE CONVEESION OF FRENCH INTO ENGLISH 

BIEASUBEa 



1 Millimetre 
1 Centimetre 
1 Decimetre 
1 Metre 
1 Kilometre 



MeASUBES of liENOTa 

'03937079 inch, or about ^V ^ch. 

•3937079 inch. 

8*937079 inches. 

39'37079 inches, or 3*2809 feet nearly. 

39870-79 inches, or 1093'6 yards nearly. 



1 sq. millimetre 
1 sq. centimetre 
1 sq. decimetre 
1 sq. metre 



Measures of Area. 

a '00155006 sq. inch. 
= '155006 sq. inch. 



= '155006 sq. inch. 

= 15*5006 sq. inches. 

s= 1550*06 sq. inches, or 10*7643 sq. feet 



Z FRENCH AND ENGLISH MEASURES. 

Measures of Volume. 

1 cubic centimetre = '0610271 cubic inch. 
1 cubic decimetre = 61 '0271 cubic inches. 
1 cubic metre = 61027*1 cubic inches, or 35*3166 cubic feet. 

The Litre (used for liquids) is the same as the cubic decimetre, and is equal to 1*76172 
imperial pint, or '220215 gallon. 



Measures of Weight (or Mass). 



1 milligramme 
1 centigramme 
1 decigramme 
1 gramme 
1 kilogramme 



•015432349 gram. 

15432349 grain. 
1-5432349 grain. 
15-432349 grains. 
15432*349 grains, or 220462125 lbs. avoir. 



Measures involving reference to two units. 



1 gramme per sq. centimetre 
1 kilogramme per sq. metre 
1 kilogramme per sq. millimetre 



1 kilogrammetre 



2-04 S098 lbs. per sq. foot. 

•2048098 II 

204809-8 H 

7 23314 foot-pounds. 



1 force de cheval = 75 kilogrammctres per second, or 5424 foot-pounds per second 
nearly, whereas 1 horsepower (English) = 550 footpounds per second 



TABLE FOR THE CONVERSION OF ENGLISH INTO FRENCH 

MEASURES 



Measures of Length. 

1 inch =25*39954 millimetres. 
1 foot = *30479449 metre. 
1 yard = -91438347 metre. 
I mile =1-60932 kilometre. 

Measures of Area. 

1 sq. inch = 645*1 37 sq. millimetres. 
1 sq. foot =*0928997 sq. metre. 
1 sq. yard 2= '8360973 sq. metre. 
I sq. mile = 2*589895 sq. kilometres. 

SouD Measures. 

1 cubic inch = 16386*6 cubic millimetres. 
I cubic foot = '0283153 cubic metre. 
1 cubic yard = '7645131 cubic metre. 



Measures of Capaoitt. 

1 pint ='5676275 litre 
1 gallon =4-54102 litres. 
1 bushel =36*32816 litres. 

Measures of Weight. 

1 grain ='064799 gramme. 

1 oz. avoir. =28-3496 grammes. 

1 lb. avoir. = -453593 kilogramme. 

1 ton =101605 tonne = 101605kiloE. 

Measures involving reference to 
TWO units. 

1 lb. persq.foot = 4*88*261 kilos, per sq. metre. 
1 lb.persq.inch= ^0703095 kilos, per sq. cen- 
timetre. 
1 foot-pound = ^138253 kilogrammetre. 
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CHAPTER XIX. 



THERMOMETRY. 



175. Heat — Cold. — The words heat and cold express sensations so 
well known as to need no explanation; but these sensations are 
modified by subjective causes, and do not furnish an invariable cri- 
terion of objective reality. In fact, we may often see one person 
suffer from Iieat while another complains of cold. Even for the same 
person the sensations of heat and cold are comparativa A temperor 
ture of 50° Fahr. suddenly occurring amid the heat of summer pro- 
duces a veiy decided sensation of cold, whereas the same temperature 
in winter has exactly the opposite effect. We may mention an old 
experiment upon this subject, which is at once simple and instructive. 
If we plunge one hand into water at 32° Fahr., and the other into 
water at about 10[)°; and if after having left them some time in this 
position we immerse them simultaneously in water at 70°, they will 
experience very different sensations, Tiie hand whicli was formerly 
in the cold water now experiences a sensation of heat; that which 
was in the hot water experiences a sensation of cold, though both are 
in the same medium. This plainly sliows that the sensations of heat 
and cold are modified by the condition of the observer, and conse- 
quently cannot serve as a sure guide in the study of calorific phe- 
nomena, Recourae must therefore be bad to some more constant 
standard of reference, and such a standard is furnished by the ther- 
mometer. 

176. Temperature, — If several bodies heated to different degrees are 
placed in presence of each other, an interchange of beat takes place 
between them, by which they undergo modifications of opposite 
kinds ; those that are hottest grow cooler, and those that are coldest 
grow wanner ; and after a longer or shorter time these inverse pheno- 
mena cease to take place, and the bodies come to a state of mtitual 
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equilibrium. TI107 are then said to be at tlie same temperature. Ii 
a source of heat is now brought to act upon them, their tempemturej 
is said to rise; if they are left to themselves in a colder medium, 1 
all grow cold, and their temperature is said to fall. Two bodies ar€ 
said to have the saine temperattire if when they are placed in contact 
no heat passes from the one to the other. If when two bodies are 
placed in contact heat passes from one to the other, that which gives 
heat to the other is said to Itave the higher temperature. Heab 
always tends to pass from bodies of higher to tliosc of lower tem- 
perature. 

177. Expansion. — At the same time that bodies undergo these 
changes in temperature, which may be verified by the different 
impreasiona which they make upon our organs, tliey are subjected 
to other modifications whicli admit of direct measurement, and which 
serve as a means of estimating the changes of temperature tliemselves. 
These modifications are of different kinds, and we shall have occasion 
to speak of them all in the course of this work ; but that which i» 
especially used as the basis of thermometric measurement is change of 
volume. In general, when a body is heated, it increases in volume; 
and, on the other hand, when it is cooled its volume diminishes. The 
expansion of bodies under tlie action of heat may be illustrated by 
the following experiments. 

1. Solid Bodies. — We take a ring throiigh which a metal sphei 




just passes. This latter is heated by holding it over a spirit-lamp, 
and it is found that alter this operation it will no longer pass through 
the ring. Its volume has increased. If it is now cooled by immer- 
sion in water, it resumes its former volume, and will again pasa 
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through the ring. If, while tlie sphere waa hot, we had heated the 
ring to about the same degree, the ball would still have been able to 
pass, their relative dimensions being unaltered. This little apparatus 
is called Gravesande's RiTig. 

2. Liquids. — A liquid, as water for instance, is introduced into the 




apparatus shown in Fig. 183, bo as to fill at once the globe and a 
portion of the tube as far aa a. The instrument is then immersed in 
a vessel containing hot water, and at first the extremity of the liquid 
column descends for an instant to b ; but when the experiment has 
continued for some time, the liquid rises to a point a' at a con- 
dderable height above. This twofold phenomenon is easily explained. 
The globe, which receives the first impression of heat, increases in 
volume before any sensible change can take place In the temperature 
of tho liquid. The liquid consequently is unftble to fill the entire 
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cai>acity of the globe and tube up to the original mark, and thus 
tlie extremity of the liquid column is seen to falL But the liquid 
receiving in its turn the impression of heat, expands also, and as it 
passes the original mark, we may conclude that it not only expands, 
but expands more than the vessel which contains it. 

3. Gases. — The globe in Fig. 184 contains air, wliich is separated 
from the external air by a small liquid index. We have only to 
warm the globe with the hands and the index will be seen to be 
pushed quickly upwards, thus showing that gases are exceedingly 
expansible. 

178. General Idea of the Thermometer. — Since the volume of a 
body is always changed by heat, it follows that when a body is sub- 
jected to variations of tenipeiuture, it undergoes at the same time 
corresponding variations of volume. If we suppose that the different 
volumes successively assumed by the body can easily l)e measured, 
we may indicate the temperature bj' stikting the 
volume And the body will not only indicate its 
own temperature by this means, it will also exhibit 
the temperature of the bodies by which it is sur- 
rounded, and wliich are in equilibrium with it as 
regards temperature ; that is, which do not experi- 
ence those inverse cJianges mentioned in § 176. Such 
is the most general idea of the thermometer, which 
may be defined as a body u-hich, umler the action 
of heat, exhibits ckanijtis of volunie which can 6« 
ascertained and measured. 

179. Choice of the Theimometric Bubstanoe. — Any 
substance whatever wilt serve as a tliermometric 
substance, and in fact tliei'e are several kinds of 
thermometers, founded upon the expansion of dif- 
ferent substances. In order, however, that tbei-mo- 
metric indications may be comparable \vith each 
other, it is necessary to adopt a standard substance 
"*iTiMliim"w!^ ^^ combination of substances, and physicists have by 
common consent adopted as the standard of reference 
the apparent exjmnsion of mercury contained in a glass vessel The 
instrument which exhibits this expansion is called the 7nercv.rial 
thermometer. It consists essentially, as shown in Fig. 185, of a tube 
of very small diameter, terminating in a bulb or reservoir of a cylin- 
drical, spherical, or any other form, The reservoii' and a portion of 
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the tube are filled with merciiiy. If the temperature varies, the 
level of the liquid will rise or fal! in the tuhe, and the points at 
which it remains stationary can be easily identified by means of a 
scale attached to or engraved on tlie tube. 

Tlie choice of mercury as a thermometric substance is extremely 
suitable. It is a liquid which may easily be procured in a state of 
purity. It is a very good conductor of heat, and consequently soon 
comes into equilibrium of temperature with the bodies which it 
touches. Besides, its calorific capacity i» very small, so that if it he 
brought into contiuit with a heated body, tor instance, at whose 
expense it grows hot, this body experiences in consequence only a 
very slight change of temperature, which may generally be neglected. 

ISO. Construction of the Uercnrial Thermometer. — The construction 
of a mercurial thermometer is an operation of great delicacy, and 
comprises several different processes, which we shall successively 
indicate. 

1. Choice of the Tube. — The first object is to procure a tube of as 
uniform bore as possible. In order to ascertain whether this con- 
dition is fulfilled, a small column of mercury is introduced into the 
tulw, and Its length in different parts of the tube is measured. If 
these lengtlis are exactly equal, the tube must be of uniform bore. 
This ia not generally the case, and we have to content ourselves with 
an approximation to this result; but we must reject tubes in which 
the differences of lengtli observed are too great. When a suitable 
tuhe has been obtained, a i-eservoir is eitlier blown at one end or 
attached by melting, the former plan being usually preferable. 

When a thermometer of great precision is required, the tube is 
first calibrated; that is, divided into parts of equal volume. 

2. Introduction of the Mercury. — At the upper extremity of the 
tube a bulb has been blown, drawn out to a point, at which there is 
a small opening ; this bulb ia gently heated, and the point is then 
immersed in a vessel containing mercury (Fig. 1 86). The air in the 
tube growing cold, suffers a diminution at once of volume and of 
pressure, so that mercury is forced into the bulb by the atmospheric 
pressure. The end of the point is then closed to prevent the escape 
of mercurial vapours, and tlie reservoir and tulie, stilt remaining 
empty, are heated in a gas or charcoal furnace {Fig. 187j, so as to 
rarely the contained air. Tlie liquid in the bulb ia then heated, and 
on setting the instrument upright, and allowing it to cool, a portion 
of the mercury enters the reservoir in consequence of the contraction 
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of the air. The liquid in the i-eaervoir is then heated to ebullition, 
the air ia expelled from the reservoir and tube by the vapour of i 
mercury, and on placing th" instrument in an upright positiou, the 




I 



Fig. 190,— Intraltwtlon of tb 



mercury during the process of cooling enters the reservoir and com- 
pletely fills it. If a bubble of air still remaios, as is often the case, 
it may be expelled by repeating the same operation several timea. < 
The quantity of mercury to be left ia then regulated according to tbo j 




temperatures wliich the instrument is intended to indicate; the bulb 
at the upper end is removed, and the tube, having been drawn out to 
a point, ia hermetically sealed at the moment when the mercuiy 
reaches its extremity, so as to leave no air in the interior. 
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3. Determination of the Fixed Points. — The instrument, under 
these conditions, and with any acalo of equal parts marked on the 
tube, would of course indicate variations of temperature, hut these 
indications would be arbitmry, and two thermometers so constructed 
would in general give different indications. 

In order to insure that the indications of different thermometers 
shall be comparable, it has been agreed to adopt two standard tem- 
peratures, which can easily be reproduced and maintained for a con- 
siderable time, and to denote them by fixed niimbera. These two 
temperatures are the freezing-point and boiling-point of water ; or to 
speak more strictly, the tempei-ature of melting ice, and the tem- 
perature of the steam given off by 
water boiling under average atmos- 
pheric pressure. It has been observed 
that if the thermometer be surrounded 
with melting ice (or melting snow), 
the mercury, under whatever circum- 
stances the experiment is performed, 
invariably stops at the same point, 
and remains stationary there as long as 
the melting continues. This then is a 
fixed temperature. On the Centigrade 
scale it is called zero, on Fahrenheit's 
scale 32°. 

In order to mark this point on a ^f- is8,-DeMrmin»uoti i>r Tnaiag- 
tliennometer, it is suiTounded by melt- 
ing ice, which is contained in a pci-forated vessel, so as to allow 
the water produced by melting to escape. When the level of the 
mercury ceases to vary, a mark is made on the tube with a fine 
diamond at the extremity of the mei-curial column. This is frequently 
called for brevity the freezing-point. 

It bas also been observed that if water be made to boll in an open 
metallic vessel, under average atmospheric pressure (7C0 millimetres. 
or 29922 inches), and if the thermometer be plimged into the steam, 
the mercury stands at the same point during the entire time of 
ebullition, provided that the external pi-essure does not change. Tliis 
second fixed temperature is called 1 00° in the Centigrade scale (whence 
the name), and 212^ on Fahrenheit's scale. T" nrder to mark this 
second point on the thermometer, an appa* employed which 

was devised by Gay-Lussac, and perfected 1 tault. It consists 
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of a copper boiler (Fig. 189) containing water which is raised to 
ebullition by means of a furnace. T!ie steam circulates through a 
double casing, and escapes by a tube near the bottom. The ther- 
mometer is fixed in the interior casing, and when the mercury haa 




IT. a mark is made at the point at which it stops, 
mioA is commonly called for brevity the hoiling-point. 
to divide the portion of the instrument between 
•mI (MiUng points into equal parts corresponding to 
|io continue the division beyond the fixed points. 
mt lura marked the numbei-s 1,2, 3, &c. These 
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tempemtures are generally expressed with the sign — . Thus tlie 
temperature of 17° below zero is written —17°. 

A small manometric tube, open at both ends, serves to show, by 
the equality of level of the mercury in its two branches, that the 
ebullition is taking place at a pressure equal to that which prevails 
externally, and consequently that the steam is escaping with suffi- 
cient freedom. It frequently happens that the external pressure is 
not exactly 760 millimetres, in which case the boiling-point should be 
place<l a little above or a little below the point at which the mer- 
cury remains stationary, according as the pressure is less or greater 
than this standard pressure When the difference on either side is 
inconsiderable, the position of the boiling-point is calculated by the 
rule, that a dift'erence of 206 millimetres, either alH>ve or below the 
normal pressure, causes a difference of 1° in the temperature of the 
steam produced. We shall return to this point in Chap. xxvL 

181. At^ostmeat of the Quantity of Ueroary. — In oi'der to avoid 
complicating the above explanation, we have omitted to consider an 
operation of great importance, whicb should precede those which we 
have just described. This is the determination of the volume which 
must be given to the reservoir, in order that the instrument may have 
the required range. When the reservoir is cylindrical, this is very easily 
effected in the following manner. Suppose we wish the thermometer 
to indicate tempeiatui'es comprised between — 20° and 130° Cent, so 
that the range is to be 150"; the i-eservoir is left open at (Fig. 190), 



and is filled through this opening, which is then hermetically sealed. 
The instrument is then immersed in two baths whose tempei'atures 
differ by 50", for instance, and the mercury rises through a distance 
mm'. This length, if the quantity of merciuy in the reservoir be 
exactly sufficient, should be the thii-d part of the length of the stem. 
But the quantity of mercury in the reservoir is always taken too large 
at first, so that it has only to be reduced, and thus the space traversed 
by the liquid is at fii'st too great. Suppose it to be equal to Jths of 
the length of the stem. The degrees will then be too long, in the 
ratio I : i=J. That is, the reservoir is J of what it should be. We 
therefore measure off ^tha of the length of the reservoir, beginning 
at the end next the stem ; this distance is marked by a line, and the 
end is then broken and the mercury suffered to escape. The glaaa 



is tben melted down to tlie marked line, and the reservoir is thus 
brought to tlie projier dimensiou8. It only remains to regulate the 
quantity of mercury admitted, by making it fill the tube at the 
highest temperature which the instrument is intended to indicate. 

If the reservoir were spherical, which is a shape generally ill 
adapted for delicate thermometers, the foregoing process would b© 
inapplicable, and it would be necessary to deter- 
mine the proper size by trial 

188. Thermometric Scales. — In the Centigrade 
scale the freezing-point is marked 0°, and the boil- 
ing-point 100°. In BAiuTnur'a scale, which is still 
sometimes used abroad, the freeztng-point is also 
marked 0°, but the boiling-point is marked 80°. 
Hence, 5 degrees on the former scale are equal to 
i on the latter, and the reduction of temperatures 
from one of these scales to the other can be efiected 
by multiplying by f or J. 

For example, the temperature 75° Centigrade i 
the same as 60° Reaumur, since 75x J~60; and the 
temperature 36° Rt?aumur is the same as 45° Centi- 
grade, since 3C X J^iS. 

The relation between eitlier of these scales and 
tliat of Fahrenheit is rather more complicated, inas- 
much as Fahrenheit's zero is not at freezing-point, 
but At 32 of his degrees below it. 

As regards intervals of temperature, 180 degrees 
Fahrenheit are equal to 100 Centigrade, or to 80 
B^aumur, and hence, in lower terms, 9 degrees 
Fahrenlieit are equal to 5 Centigrade, or to i 
Reaumur. 

The conversion of temperatures themselves (as 
distinguished from intervals of temperature) will be 
best explained by a few examples. 

Example 1. To find what temperatures on the 
other two scales are equivalent to the temperature 50° Fahrenheit, 

Subtracting 32, we see that this temperature is 18 Fahrenheit 
degrees above free zing- jwint, and aa this interval is equivalent to 
18 Xt, that is 10 Centigrade degree.s, or to ISX*. thatis 8 Reaumur 
degrees, the equivalent temperatures are respectively 10° Centigrade 
and 8° Reaumur. 
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Example 2. To find the degree on Fahrenheit's scale, which is 
eqaivalenb to the temjierature 25° Centigrada 

An interval of 25 Centigrade degrees ia equal to 25 x ^, that is 
45 Fahrenheit degrees, and the temperature in question ia above 
freezing-point by this amount. The number denoting it on Fahren- 
heit's scale is therefore 32 + 45, that is 77°. 

The rules for the conversion of the three thermometric scales may 

be summed up in the following formulie, in which F, C, and R denote 

equivalent temperatures expressed in degrees of the three scales ; — 

F = JC + 32 = JR + 32. 

K = ic={(F-32), 

It is usual in stating temperatures to indicate the scale referred to 
by the abbreviations Fahr., Cent, Reau., or more briefly by the 
initial letters F., C, R. 

183. Apparent Expansion of Hercnry. Degree of the Uercnrial Ther- 
mometer. — The indications of the mercurial thennonieter depend not 
upon the real but upon the apinvent expansion of" mer- 
cury, that is, upon the difi'erence between the expansion 
of the mercury and that of the glass in which it is con- 
tained. 

To understand the physical meaning of a degree, sup- 
pose that we have a thermometric tube (Fig. 192) divided 
into parts of equal capacity, and that by gauging the 
reservoir we have ascertained its capacity to be equal to 
N of these parts. Mercury ia introduced, and when the 
instrument is surrounded with melting ice the mercury 
fills the bulb and n parts of the tube. The instrument is 
then raised to the temperature of 100° C, and the mercury 
expands so as to occupy n parts of the stem. Tl)e appar- 
ent volumes of the mercury at 0° and 100° Centigrade are ^| 
therefore K-|-ji and N-f-n' respectively, and the apparent ^ 
increase of volume is n'—n. The apparent increase per '* ^'^ 
unit volume is therefore jjx^, and as this is the increase for 100° the 
apparent expansion per degree Centigrade is ^ ^j^- This quantity 

is found by experiment to be about equal to g^g^. Each degree 
Centigrade represents then a difference of apparent volume of the 
mercury equal to about Q^^^ of its volume at freezing-point. 
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184. Comparability of Uercurial rhennomsters. — This enables us to 
exiunine the iraportflnt question, whether diiTerent tliernioraetera are 
comparable with eacii other, that is, wlietlier they will indicate the 
same temperature under the same contiitions. This must evidently 
be the case where the glass employed for the construction of the tubes 
is absolutely the same. The agreement will likewise be exact, even 
when the apparent expansions due to the quality of the glass em- 
ployed in each case are not the same, provided that they preserve a 
constant ratio at ditlerent temperatures. 

Experiment alone can teach us whether this disagreement actually 
exists, and in wliat degree. The result of Regnault's investigations 
upon this point tends to show that up to 300^ Cent, this disagree- 
ment is almost nothing, or, at any rate, may be neglected with perfect 
safety; above this point a slight difference is observed, which increases 
to about 3° or 4° at the temperature of 350°, that is, at the superior 
limit to the use of the mercurial thermometer. 

This defect in the comparability of thermometers, slight as it is, 
must be attributed to irregularities in the expansion of the glass. 
The influence of these irregularities would obviously be less sensible 
with a more expansible material than mercury, and this is the reason 
that in experiments where great precision is necessaiy air-thermo- 
meters are employed, which at the same time serve to indicate the 
highest temperatures, whereas mercury cannot be employed beyond 
350°, its boiling-point. 

185. Displaoement of the Zero Point. — A thermometer left to itself 
after being made, gradually undergoes a contraction of its capacity, 

to a uniform error of excess in its indications. Tiiis pheno- 
s attributable to molecular change in the glass, whicli has, so 
to speak, been tempered in the construction of the instrument, and 
to atmospheric pressure on the exterior of the bulb, which is unre- 
sisted by the internal vacuum. The progress of this change ceases at 
the end of a certain time, about fifteen or eighteen months, and the 
displacement is always inconsiderable, never amounting to a degree. 
In precise experiments, however, it is necessary to verify the position 
of the zero point in the thermometer employed, and, in the observa- 
tion of temperatures, to take into consideration the slight displace- 
ment which may have occurred. 

186. Sensibility of the Thermometer. — The power of the instrument 
to detect very small differences of temperature may be regarded as 
measured by the length of the degrees, which is proportional to the 
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capacity of the bulb directly and to the section of the tube inversely. 
In fact, if I denote the length of one degree, and s the sectional area 
of the tube, is will be the volume of one degree, which is qj^qC, 
where C denotes the capacity of the bulb, together with as much of 
the tube as is below the freezing-point Hence, '=84807. which 
varies directly as C, and inversely as e. 

Quickness of action, on the other hand, requires that the bulb be 
small in at least one of its dimensions, so that no part of the mercury 
shall be far removed from the exterior, and also that the gin&s of the 
bulb be thin. 

Quickness of action is important in measuring temperatures which 
vary rapidly. It slioiild also be observed that, as the thermometer, in 
coming to the temperature of any body, necessaiily causes 
an inverse change in the temperature of that body, it fol- 
lows that when the mass of the body to be investigated i 
very small, the thermometer itself should be of extremely 
small dimensions, in order that it may not cause a sensible 
variation in the temperature to be ascertained. 

187. Weight ThermometBr. — In this thermometer, which 
often takes the place of the ordinary thermometer in physi- 
cal investigations, the stem is done away with, and the 
mercury contained in the reservoir overflows into a small f'^isi 
cup, where it is collected; and the temperature is deduced momebir" 
from the weight of the mercury which thus escapes. Let 
P be the weight of the mercury which fills the reservoir at freezing- 
point, and «■ the weight which issues when the instrument is placed 
in the steamer in order to determine the boiling-point. The apparent 
expansion between these points is evidently represented by the 
fi-action p^- _ and, consequently, the value of a degi'ee Centigrade is 
the one-hundredth part of tliis fraction, that is mo .p _ , )- Suppose 
now that the instrument, containing again a weight P of mercury at 
zero is placed in a bath whose temperature we wish to determine, and 
that a weight p of mercury flows over. The whole apparent expan- 
sion is p— , and dividing this by the value of a degree, we obtain 
the temperature required, which is thus expressed by the forraulo. 
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188. Alcohol Tfaermometer. — la the construction of thermometers 
other liquids may be intvodoced instead of mercury, and alcohol is 
very fi-equently employed for tiiis purpose. But if an alcohol ther- 
mometer were constructed so as to agree with a mercurial thermometer ■ 
at two fixed temperatures, and were graduated by dividing the inter- 1 
vening space into equal parts, and continuing the equal graduations I 
both ways, it would be found to give different readings from a mer- ' 
curial thermometer, except at or very near the two fixed temperatures. 
This fact may be expressed by saying, that alcohol does not expand 
equally for equal increments of temperature as indicated by a mer- 
curial thermometer; or, more symmetrically, by saying tiiat intervals 
of temperature which are equal as measured by the expansion of 
mercury, are not equal as measured by the expansion of alcohol. 
In practice, alcohol thermometers are graduated by comparisoQ 
with mercurial thermometers, and the de- 
grees of an alcohol thermometer have conse- 
quently unequal volumes in different parts 
of the scale. The degi'ees, in fact, increase in 
length as we ascend on the scale. 

Alcohol lias the disadvantage of being 
slower in its action than mercury, on ac- 
count of its inferior conductivity; but it cau 
be employed for lower temperatures than 
mercury, as the latter congeals at — 39° Cent 
(—38° Fahr.), whereas the former has never 
congealed at any temperatui'e yet attained. 

189. Self-rogietering Tbermometera. — It ia 
often important for meteorological purposes 
to have the means of knowing the highest or 
the lowest temperature tliat occurs during a 
given interval Instruments intended for 
this purpose are called maximum and mini- 
mum thermometers. 

The oldest instrument of this class is 5ia;'s ] 
(Fig. 19-Ia), which is at once a niaxim 
and a minimum thermometer. It has a l&igd J 
cylindrical Lulb C filled with alcohol, which I 
also occupies a portion of the tube. The I 
remainder of the tube is partly filled with mercury, which occupies ' 
a portion of the tube shaped like the letter U, one extremity 
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of the mercurial column being in contact with the nicohol already 
mentioned, while the otlier extremity is in contact with a second 
column of alcohol; and beyond this there is a small space occupied 
only with air, so as to leave room for the expansion of the liquids. 
When the alcohol in tho bulb expands it pushes the mercurial column 
before it, and when it contracts the mercurial column follows it. The 
extreme points reached by the two ends of the mercurial column are 
registered by a pair of light steel indices c, d (shown on an enlarged 
scale at K), which are pushed before the ends of the column, and then 
are held in their places by springs, which are just strong enough to 
prevent slipping, so that the indices do not follow the mercury in its 
retreat One of the indices d registers the maximum and the other 
c the minimum temperature which hns occurred since the instrument 
was last set. The setting consists in bringing the indices into contact 
with the ends of the mercurial column, and is usually effected by 
means of a magnet. This instrument is now. on account of its com- 
plexity, little used. It possesses, however, the advantages of being 
equally quick (or slow) in its action for maximum and minimum 
temperatures, which is an imjxjrtant property when these tempera- 
tures are made the foundation for the computation of the mean tem- 
perature of the interval, and of being better able tlian most of the 
self-registering thermometers to bear slight jolts without disturbance 
of the indices. 

Rutlierfords self-registering thermometers are frequently mounted 
together on one frame, as in Fig. 195, but are nevertheless distinct 




Fig. IW.— RnUurfonTl KulmaDi uid Hli 



instruments. His minivivm thermometer, which is the only mini- 
mum thermometer in general use, has alcohol for its fluid, and is 
always placed with its tube horizontal, or nearly so. In the fluid 
column there is a small index n of glass or enamel, shaped like a 
dumb- be li 

When contraction occurs, the index, being wetted by the liquid, ia 
forced backwards by the contractile force of the superficial fihn which 
forms the extremity of the liquid column (§ 97) ; but when expansion 
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takes place the index remains stationary in tlie interior of the liquid. 
Hence the minimuin temperature is indicated by the position of the 
forward end of the index. The instrument is set by inclining it so 
as to let the index slide down to the end of the liquid column. 

The onlj' way in which this instrument is liable to derangement, 
is by a portion of the spirit evaporating from the column and becoming 
condensed in the end of the tube, which usually terminates in a 
small bulb. When the portion thus detached is large, or when the 
column of spirit becomes broken into detached portions by rough 
usage in travelling, ■' let the thermometer be taken in the hand by 
the end farthest from the bulb, raised above the head, and then 
forcibly swung down towards the feet; the object being, on the prin- 
ciple of centrifugal force, to send down the detached portion of spirit 
till it unites with the column. A few throws or swinging strokes 
Ydll generally be sufficient; after which the thermometer should be 
placed in a slanting ]KJsition, to allow tlie rest of the spirit still 
adhering to the sides of the tube to drain down to the column- But 
another metliod must be adopted if the portion of spirit in the top of 
the tube be small. Heat should then be applied slowly and cautiously 
to the end of the tube where the detached portion of spirit is lodged; 
this being turned into vapour by the heat will condense on the sur- 
face of the unbroken column of spirit. Care should be taken that 
the heat is not too quickly applied. . . . The best and safest way to 
apply the requisite amount of heat, is to bring the end of the tube 
slowly down towards a minute flame from a gas-burner ; or if gas is 
not to be had, a piece of heated metal will serve instead."^ 

Rutherford's maximum thennomcter is a mercurial thermometer, 
with the stem placed horizontally, and with a steel index c in the 
tube outside the mercurial column. When expansion occurs, the 
index, not being wotted by the liquid, is forced forwards by the con- 
tractile force of the superficial film which forms the extremity of the 
liquid column (§97); but when contraction takes pWe, the index 
remains stationary outside the liquid. Hence the maximum tem- 
perature is indicated by the position of the backward end of the 
index. The instrument is set by bringing the index into contact 
with the end of the liquid column, an operation which is usually 
effected by means of a magnet 

This thermometer is liable to get out of order after a few years' use. 
by chemical action upon the surface of the index, which causes it to 

' Butbau's Haiidg Book of Mtieoroloffj/, j), 6*2. 
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become wetted by the mercury, and thus renders the instrument 
useless. 

Pkillijfs' maximum tliermometer (invented by Professor Phillips, 
the eminent geologist, and made by Casella) is recommended for use 
in the official Instructions for Taking Meteorological Ohaervations, 
drawn up by Sir Henry James for the use of tlie Royal Engineers, 
It is a mercurial thermometer not deprived of air. It has an exceed- 
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ingly fine bore, and the mercurial column is broken by the insertion 
of a small portion of air. The instrument is aet by reducing this 
portion of air to the smallest dimensions which it can be made to 
assume, and is placed in a horizontal position. When the mercury 
expands it pushes forwards this intervening air and the detached 
column of mercury beyond it; but when contraction takes place the 
intervening air expands, and the detiached column remains unmoved. 

"The thread of mercury in these thermometere is easily broken at 
any point required, by simply raising the bulb end, and allowing the 
mercury to run into the open cell at the end ; and, as it descends, 
detaching, with a slight jerk, as much of it as may be thought neces- 
sary, which should he an inch, or an inch and a half."' 

The detached column is not easily shaken out of its place, and 
when the bore of the tube is made sufficiently narrow the instrument 
may even be used in a vertical position, a property which is often of 
great service. 

In Negretti and Zambra's maximum thermometer (Fig. ISi), which 
ia employed at the Royal Observatory, Greenwich, there is an 
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obstruction in the bent part of the tube, near the bulb, which 
barely leaves room for the mercury to pass when foi-ced up by 



' /ni(rMr(<oin/or Tiding ifeUorolagkal OiKrvaCio) 
UreetoT of the Otdn&Dce Survey, 



ly Colonel Sir Henry Jiunea, R.E., 
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expamioQ, and ia sufficient to prevent it from returning when the 
bulb cools. 

The objection chiefly urged against this thermometer is the extreme 
mobility of the detached column, which renders it very liable to 
accidental displacement; but in the hands of a skilful observer 
this is of no moment. Dr. Balfour Stewart {EUmeiitary Treatise 
on Heat, p. 20, 21), says; — "When used, the stem of this instru- 
ment ought to be inclined downwards. ... It does not matter 
if the column past the obstruction go down to the bottom of the tube; 
for when the instrument is read, it is gently tilted up until this 
detached column flows back to the obstruction, where it is arrested, 
and tlie end of the column will then denote Uic ma.'timum tem- 
perature. In resetting the instrument, it is necessary to shake the 
detached column past the obstruction in order to fill up the vacancy 
leit by the contraction of tlie fluid after the maximum had 
been reached." 

Mercurial Miniwdm Thermometers, — As it is obvi- 
ously undesirable that the minimum thermometer employed 
should be slower in its action than the maximum thermo- 
meter used in conjunction with it, several attempts have 
been made to construct a minimum thermometer in which 
mercury instead of alcohol shall be the expanding fluid (see 
a description of Caselln's mercurial minimum thermometer, 
Stewart on Heat, p. 22) ; but no one has yet succeeded in 
producing sucli an instrument fit for general use. 

Deep-sea. and Well, Thermometers. — The instruments 
which have been most successfully employed for the obser- 
vation of the temperature of water at great depths are aelf- 
registering thermometers either of Six's or Phillips' con- 
struction, inclo.sed in a glass-case, hermetically seated, con- 
taining air and a little alcohol. The glass-case and inclosed 
air protect the bulb of the thermometer from the immense 
pressure of the superincumbent water, which by compress- 
ing the bulb would force mercury into the tube, and make 
the reading too high. The instrument represented in Fig. 
194c was designed Ly Sir Wm. Thomson, and is u.sed by 
Fnit«i«i the Committee on Underground Temperature appointed 
™"°° ■ ty the British Association. A is tlie protecting case, B 
the Phillips' thermometer inclosed in it, and supported by three 
pieces of cork ccc. A amall quantity of spirit s occupies the lower 
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part of the case; d in tlie air- bubble characteristic of Pliillips" 
tbcnnometer, and serving to separate one portion of tlie mercurial 
coluran from tbe reat. In the figure this air-bubble is represented aa 
expanded by the descent of the lower portion of mercury, while the 
upper portion remains suspended by adhesion. This instrument has 
been found to register correctly even under a pressure of 2J tons to 
the square inch. 

The use of the spirit s is to bring the bulb more quickly to the 
temperature of the suri-ounding medium. 

Another instrument, designed, like the foregoing, for ob- 
servutions in wells and borings, is Walferdiii's maxiviuvi 
ther>nomet'!r (Fig. 196). Its tube terminates above in a fine 
point opening into a cavity of considerable size, which con- 
tains a sufficient quantity of meretiry to cover the point 
■when the instrument is inverted. The instrument is set by 
placing it in this inverted position and warming the bulb 
until the mercury in the stem reaches the point and becomes 
connected with the mercury in the cavity. The bulb is then 
cooled to a temperature lower than that which is to be ob- 
served, and during the operation of cooling mercury enters 
the tube so as always to keep it full. The instrument is 
then lowered in the erect position into the bore where ob- 
servations are to be made, and when the temperature of the 
mercury rises a portion of it overflows from the tube. To 
ascertain the maximum temperature which has been experi- 
enced, the instrument may be immersed in a bath of known 
temperature, less than that of the boring, and the amount of 
I void space in the upper part of the tube will indicate the 
I excess of the maximum temperature experienced above that of the 
bath. 

If the tube is not graduated, the maximum temperature can be 
ascertained by gradually raising the temperature of the bath till the 
tube is just full. 

If the tube is graduated, the graduations can in strictness only 
indicate true degrees for some one standard temperature of setting, 
since the length of a true degree la proportional to the quantity of 
mercury in the bulb and tube ; but a difference of a few degrees in 
the temperature of setting is immaterial, since 10° Cent, would only 
alter the length of a degree by about one six-hundredth part 

190. Thermograpb. — A much more complete method of obtaining 



I 



THEEMOMETBY. 

a register of the indieationa of a thermometer in the absence of an 
observer is now adopted in the principal British observatories. It 
consists in the pliotographic registration of the height of the mercurial 
column at every instant during the entire day, A sheet of sensitized 
paper is mounted on a vertical cylinder just behind the mercurial 
column, which is also vertical, and is protected from the action of 
light by a cover of blackened zinc, with the exception of a narrow 
vertical strip just behind the mercurial column. A strong beam of 
light from a lamp or gas flame is concentrated by a cylindric lena, so 
that if the thermometer were empty of mercury a bright vertical 
line of light would be thrown on the paper. As this beam of light 
is intercepted by tlie mercury in the tube, which for this purpose is 
made broad and flat, only the portion of the paper above the top of 
the mercurial column receives the light, and is photographically 
affected. The cylinder is mado to revolve slowly by clock-work, and 
if the mercury stood always at the same height, the boundary between 
the discoloured and the unaffected parts of the paper would be sti-aigbt 
and horizontal, in consequence of the horizontal motion of the paper 
itself In reality, the rising and falling of the mercury, combined 
with the horizontal motion of tlio paper, causes tlie line of sepai'ation 
to be curved or wavy, and the height of the curve above a certain 
datum-line is a measure of the temperature at each instant of the 
day.^ The whole apparatus is called a thermograph, and apparatus 
of a similar character is employed for obtaining a continuous photo- 
graphic record of the indications of the barometer* and magnetic 
instruments. 

191, Metallic Thermometers. — Thermometers have sometimes been 
constructed of solid metals. Breguet's tliermometer, for example 
(Fig. 1 97), consists of a helix carrying at its lower end a horizontal 
needle which traverees a dial. The helix is composed of three 
metallic strips, of silver, gold, and platinum, soldered together so aa 
to form a single ribbon. The silver, which ia the most espansible, is 
placed in the interior of the helix ; the platinum, which is the least 

' Strict!; ipeaking, tbe tempentum coTTSHpoDding to the voriouB poinU of tbe curve m 
not rokd off by rcferen» to s lingle datum-lias, but to ft number (if datUnl'lineB which 
represeiit the shudowB of a «et of horUontal wires stretched across the tube ot the ther- 
iDotaater at each itegree, a broaiter wire being placed at the decadi^, and also at 33°, £2°, 
and 72'. 

In order to give long degrees, the bulb of the thermometer is iiuvle very large— eight 
iuches loDg, and i of an inch in iDtemol iliameter. — ((ircniiricA Obttnalioni, I8}7.) 

■ 3e« g 110a. 
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expansible, on the exterior; and the gold serves to connect them. 
When the temperature rises, the helix unwinds and produces a 
deflection of the needle; when the temperature falla, the helix winds 
lip and deflects the needle in the opposite direction. 

Fig. 1 98 represents another dial-thermometer, in which the therrao- 
metric portion is a donble strip comoosed of steel and brass, bent into 
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a circular form. One extremity is fixed, the other is jointed to the 
shorter arm of a lever, whose longer arm carries a toothed sector. 
This latter works into a pinion, to which the needle is attached. 

It may be remarked that dial-tliermometers are very well adapted 
for indicating maximum and minimum temperatures, it being only 
necessary to place on opposite sides of the needle a pair of movable 
indices, which could be pushed in either direction according to the 
variations of temperature. 

Generally speaking, metallic thermometers offer great facilities for 
automatic registration. 

In Secchi's meteorograph, for examjile, the temperature is indi- 
cated and registered by the expansion of a long strip of brass (about 
17 metres long) kept constantly stretched by a suitable weight; this 
expansion is rendered sensible by a system of levers connected witli 
the tracing point. The thermograph of Hasler and Escher consists of 
a steel and a brass band connected together and rolled into the form 
of a spiral The movable extremity of the spiral, by acting upon a 
projecting arm, produces rotation of a steel axis which carries the 
tracer. 

198. Pyrometera. — Metallic thermometers can generally be em- 
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ployed for measuring higher temperatures than a mercurial fchei 
ntometer could bear ; but there is great difficulty in constructing any 
instrument to measure temperatures as high as those of fumacea 
Instruments intended for this purpose are called pyrometers. 

Wedgwood, the famoas potter, invented an apparatus of this kind, 
conaiating of a gauge for measuring the contraction experienced by a 
piece of baked clay ' 
when placed in a fur- I 
nace; and Brongni- 
art introduced into 
the porcelain manu- 
factory at Sfevres 
the instrument r&* | 
presented in Fig, 199, 
consisting of an iron bar lying in a groove in a porcelain slab, with 
one end abutting against the bottom of the groove, and the other I 
projecting through the side of the furnace, where it gave motion to 
an indicator. 

Neither of these inatruments has, however, been found to furnish 
consistent indications, and the only instrument that is now relied 
on for the measurement of very high temperatures is the air-ther- 
mometer. 

193. Differential Thermometer. — Leslie of Edinburgh invented, in I 
the beginning of the present century, an ingenious instrument which \ 
enables us to measure small variations of temperature. A column of 
sulphuric aoid. coloured red, stands in the two branches of a bent 
tube, the extremities of which terminate in two globes of equal 
volume (Fig. 200). 

When the air contained in the two globes is at the same tempera- 
ture, whatever that tempetature may be, the liquid, if Che instrument 
ia in order, standi at the same heiglit in tlie two branches. This J 
point is marked zero. One of the globes being then maintained at a 
t temperature, the other is raised through, foi' instance, 5 de- 
wbeo the column rises on the side of the colder globe up to a 
k. and descends on the other side to a point b. Suppose the 
TT^T«sed by the liquid in each branch to be divided into 10 ' 
.■^. eAch part will be equivalent to a quarter of a degree. 

k b continued upon each branch on both sides of zera 
I tbermometer ia an instrument of great sensibility, 
ft w make some very delicate investigations on the 
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subject of the radiation of heat. It is now, however, superseded by 
the thermo-pile invented by Mellon!. Tiiis latter instrument will be 
described in another portion of this work. Rumford's thermoacope 
(Fig. 201) is analogous to Leslie's differential themiometer. It differs 




from it in having the horizontal part much longer, and the vertical 
branches shorter. In the horizontal tube is an alcohol index, which, 
when the two globes are at the same temperature, occupies exactly 
the middle. 

The tube in divided into equal parte, and the number of divisions 
traversed by the index is proportional very nearly to the difference 
of temperature between the two bulb& 
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194. Meaanre of Expansion, Factor of BxpanBion. — When a sub- 
stance expands, bo that its volume changes from V to V'^V + u, tlie 
ratio is the numerical measui-e of the expansion per unit volume, 

and is usually called simply the expansion of the substance. 

Another ratio which it is frequently necessary to consider, ia «-, or 

' + V" ^''^'^ '^ ^ ^7' "^^ ratio of the final to the initial voluma This 
may conveniently be called the factor of expansion, or the expansion 
factor. If TJi denote the cspanaion, 1 +77i will be the factor of ex- 
pansion, and we have 

V' = V(l+m). (1) 

196. Coefficient of Exp&nsion, — It oflen happens that when the 
temperature of a body is increased by successive equal amounts, 
the successive increments of volume are also equal. In this case the 
body is said to ex[)and uniformly between the extreme temperatures, 
and if V denote the volume of the body at 0° Cent, and V its 
volume at f, then we have 

V = Va + K()i (2) 

where K is a constant number, called the coefficient of expansion 
per degree Centigrade. 

The coefficient of expansion per degree Fahrenheit will be f of 
this value of K, and the coefficient of expansion for the interval 
from 0° to 100° C. (if the expansion be uniform through this range) 
will be 100 IL 

196, It is usual to employ the name coefficient of expansion to 
denote the coefficient of expansion per degree, the thermometrio scale 
referred to being stated in the context. 
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Example. The volume of a glass vessel is 450 cubic inches at 

0° C; fiad its volume at 80° C. the coefScient of eKpansion for glaaa 
being ■00002. By (I) we have 

V =150 (I + 80 x -00002) = 450-72 ccbic inches, 

197. Onbio, Linear, and Bnparflcial llzpansion. — Thus far we have 
considered only expansion of volume. Wlien a solid body expands, 
we may consider separately the increase of one of the linear dimen- 
sions of the body; this is called the linear expaneioiu Or we may 
consider the increase in area of aoy portion of its surface, which is 
called the auperficial expansion; or finally, the increase of volume, 
which ia called expansion of volume, or cubical expaiision. By 
substituting the words "length" and "siiriace" fov "volume" in §19* 
we obtain definitions of linear and superticial expansion as numerically 
expressed, and we can demonstrate the two following propositions: — 

(1.) The cubical expansion is three times the linear expansion. 

(2) The superficial expansion is twice the 
linear expansion. 

Suppose Fig. 202 to represent a cube formed 
of any substance, and let the length of each edge 
of the cube be unity at zero; the volume is con- 
sequently equal to 1, and the area of any one 
of the faces is also represented by I. If the 
body be heated to any temperature t, each of the 
edgea will increase by a certain quantity I, and the area of ea«h face 
will become (l-|-iJ*=l-^-2i + i^ while the volume of tlie cube will 
become 

But as tlie quantity I, which represents the linear expansion, is 
always very small, we may, without sensible error, neglect its second 
and third powers in comparison with its first power. We thus see 
that the increase in area of one of the faces of the cube is sensibly 
equal to tl, and that the increase in volume is sensibly equnl to 3^, 
which proves the propositions. These propositions evidently hold 
for the coefficients of expansion, so that we may say that the coeffi- 
cient of linear expansion is eqtml to one-third of Uie coefficient of 
cubical expa/nsUm, and to one-half of the coefficient of superficial 
expansion. 

The above demonstration supposes the body to remain similar to 
itself during expansion, which is not the case with bodies of a fibrous 
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or laminated structure, nor wifcli cryetala, except those belonging to 
tbe cubic system. 

198. Varioua FonnuIeB. — From equations (1) anil (2J we may find 
tbe value of V in terms of V, tliUB, 
V 



that ia to say, given the volume of a body at a certain temperature, 
tlie volume at zero ia found by dividivg the given, volume, by the 
factor of expansion. 

Formulie (I), (2), (3), and (4) are particular cases of a more general 
tbnnula. Let V and V be the volumes of the same body at tempera- 
tures t and (' respectively, U the volume at zero, K the coefficient of 
expansion, and m and m' the respective expansions between and t, 
and and t'. We then have, by formula) (1) and (2), 



whence by divis 






V ] 4-m ] + K( 



(5) 



s pro- 



or the volutnea of the same body at different temperatures a 
portional to the factors of expansion. 

T ho above formiiliB arc evidently applicable also to linear and supers 
ficial expansions. 

199. Influence of Temperature upon Density. — As the density of a 
Hiibstance is inveiBely as the volume occupied by unit mass, it foHowB 
from last section that the densities of the same substance at different 
temperatures are inversely as the factors of expansion, so that if D, 
D', Dfl denote the densities at the temperaturea (, t', 0, then 



D' 1 + 



_i+Kr 



800. Correction of Specific Gravity for Temperature. — Let d be the 
density of a substance at temperature (° Cent., and d^ its den.tity at 
0' C Also, let D be the density of water at t" C, and D^ its density 
at 4i° C. (the tomperature of maximum density). Tlien if the specific 



EXPANSION OF OASES, 267 

gravity of the substance be computed by comparing its density with 
that of water at the same temperature, as in the ordinary methods of 
experimental determination, the specific gravity tliua obtained is g, 
and has different voJuea according to the temperature at which the 
determination is made. 

The specific gravity as commonly given in tables is the value of 
g^ ; tljat ia to say, is the ratio of the density of the substance at 0° C. 
to that of water at the temperature of maximum density. The tabular 
specific gravity is easily derivable from the observed specific gravity g. 
if the law of expansion of the substance be known; for if I+m 
be the factor of expansion of the substance from l)° C. to t" C, and 
1 +« the factor of expansion of water from i" C. to (' C, then 
■i, = rf(i + «,) 

D. = D(14e). 



D. Dl 



ing factor required is - 



In the case of solid bodies this correction is generally of little im- 
portance; but in determining the specific gravities of liquids, espe- 
cially those which are very expansible by heat, it cannot be neglected. 

201. Fonnnle for the Expansion of Gases. — The volume of a gas 
depends both on the temperature and on the pressure to which it is 
subjected; hence the forraulje of expansion for this class of bodies are 
somewhat more complicated. Suppose we wish to find the relation 
between the volumes V and V of the same mass of gas at tempera- 
tures ( and (', and under pressures P and F respectively. Let U be 
the volume of the given mass of gas at pressure P and temperature 
if, and let a be the coefficient of expansion of the gaa 

The two volumes V and U, being under the same pressure, are 
proportional to the expansion factors corresponding to their tempera- 
tures (§ 19S), which gives 



The volumes U and V, at the sume temperature t', are, by Boyle's 
law, inversely proportional to the pressures; whence we have 



From these two equations we obtain by multiplication 
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which means that the volumes assumed by the sams mass of gas are 
inversely proportional to the pressures, and directly proportional 
to the expansion factors corresponding to the temperatures. 

From equation (9) we may easily deduce another equation, by 
remarking that the densities of the same quantity of gas must be 
inversely as the volumes occupied. Thus we have 

?L=?.1±^, (10) 

which signifies that the density of a gas varies directly as the pres- 
sure, and inversely as the expansion factor corresponding to the 
temperature. 




202. Laplace and Lavoisier'B Ezpehments, — Laplace and Lavoisier 
deteiiuined the linear expansion of a great number of solids hy the 
following metliod. 

The bar AB (Fig. 203) whose expansion is to be determined, has 
one end fixed at A, while the other can move freely, pushing before 
it the lever OB, which is 
movable about the point 
0, and carries a tele- 
scope whose line of sight 
is directed to a scale at 
some distance. It is evi- 
dent tliat a displacement 
BB' will correspond to a 
considerably greater length 
CC' on the scide, which will 
! with the distance 
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of the scale from the telescope. The ratio of CC to BB' is equal 
to the ratio of OC to OB, and is the name throughout the whole 
course of experiments. In order to determine this ratio once for all, 
we have only to measnre the distance CC on the scale correspond- 
ing to a Icnoivn displacement BB'. 

The apparatus employed by Laplace and Lavoisier is sljown in Fig. 
204. The trough C, in wliich is laid the bar whose ex|)ansioa is to 
be determined, is placed between four massive uprights of hewn stone 
N. One of the extremities of the bar rests against a fi."ted bar B", 
firmly joined to two of the uprights; the other extremity pushes the 
bar B, which produces the rotation of the axis aa'. This axis carries 
with it in its rotation the telescope LL', which ia directed to the 
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scale. The first step is to surround the bar with melting ice, and then 
observe the number on the scale marked by the line of sight of the 




Pjg. tU.-~Api«nlu> of Liiplim ud L>< 



telescope, Tlie temperature of tlie trough is then raised, and the 
corresponding increase of length is measured. 

Laplace and Lavoisier have discovered by this means that the 
expansion of solids is sensibly uniform between 0° and 100° C; above 
this latter point it varies with the temperature. 

The following table contains the most important results obtained 
by tliem: — 

Coefficients of Linear ExpANaioir. 



Soft wrought iron, . . , 
Bound iron, vim imvn, 
English flint-glnai, . . , 
Gold, procured by parting, 

Pltttititt, 

Lead, 

French glaM with lead, . , 

Sheet zina 

Forged zino, . • . . 



O'OOOOiaSOl 
0'DDD0123SO 
0'000008116 
0-00001 4ssa 



0-0000SS1S3 
O'ODODOSTIG 
0-000029119 
O'OOOOSIOSS 



Gold, Fuiiatandsnl, annealed, 0-000015153 
„ „ unannekled, ODOOOlfiSlS 

Steel not tempered. . . . 0-00001D7B3 
Tempered Btoel reheated to 65°, 0000012395 
Silver obtuned by cupellation, 0-000016075 
Silver, Piuil Btandard, . . 0'00001908d 

Copper, 0-000017173 

Bnu, O'0OI}01S782 

Mklwottin 0-000019378 

Fclmoiith tin O'O00O2173S 

A simpler and probably more accurate method of observing expan- 
sions was employed by Ramsden and Roy. It consists in the direct 
obM^rvation of the distance moved by either end of the bar, by means 
of two micrt>scopes furnished with micrometers, the raicroscopea 
ttiviiisvlves being altnched to an apparatus winch is kept at a constant 
teiui<emture by means of ice. 

808. Oompenutinff Pendalom. — Tlie pendulum, as we know, regu- 
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latea the motion of a clock. Suppose the clock, to keep exact time 
at the temperature of zero; then if the temperature rises the length 
of the pendulum will increase, and with it the dui-ation of each oscilla- 
tion, so that the clock will lose. The opposite effect would be pro- 
duced by a fall of the temperature below zera We thus see that 
docks are liable to go too fnat in winter, and too slow in summer. 
and that we must move the bob of the pendulum from time to time 
in order to insure their regularity. 

Tlie effect of temperature may be notably 
diminished by means of compen-sating pendu- 
lums, of which there are several different 
kinds. 

1. Han'ison'a Gridiron Pendulum. — This 
consists of four oblong frames, the uprights of 
which are alternately of steel F and of brass 
C (Fig. 205); the brass uprights rest upon 
the bottom of the steel 
frames, and to the top 
of the second brass 
frame is attached the 
Bteel rod carrying the 
bob. From this ar- 
rangement it follows 
that the effect of tlie 
lengthening of the steel 
rods will be to lower 
the bob, while that of 
the lengthening of the 
brass rods will be to 
raise it. It will be seen 
that these two effects 
may be made com- 
pletely to nentralize 
each other; we have 
only to insure that the 
whole expansion of the 
steel shall be equal to that of the brass.' If L and L' be the 

I At the weight of tho frame CMinot be ftlH^thor neglected, »nd the change of dimeo- 
dona produoed by expatuion affects tho roomeiit of inertia, the condition of compfliuntion 
■tUed in the text can nnl; be taken ai 
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sum of tiie lengtha of the steel and brass rods respectively; tlien 
this neutralization will be effected if LK(=L'K'(. or if LK = L'K', 
where K and K' are the respective coefficients of expansion of steel 
and brass. 

From the table on page 270 wo learn tliat K is about g K.'; 
thus the sum of the lengtbs of tlie brass rods must be aViout J 
of that of the steel roda Tliis result shows that we must have at 
least two bi-ass frames, for witli only one the compensating elfect 
could not be produced, as the len^^h of the steel rods would in that 
case be about double that of the bra-ss. If we wish to have only a 
single frame of each different 
metal, we must choose two 
whose difference of expansion 
is much more marked; such, 
for instance, as iron and Zinc, 
which are employed in Jm- 
gensen'a pendulum. 

In order that the compen- 
sation may be complete, the 
centre of oscillation (§ 46) 
must remain at the same dis- 
tance from tlie centi-e of sua- 
pension. The sci'ew above 
the bob, shown in Fig. SOS, 
enables us to attain this end 
by slightly raising or depress- 
ing the bob, and is intended 
to be used once for all to ad- 
just the pendulum to the pi-o- 
I per rate. 

2. Graham's Pendulum. — 
This consists of an iron rod 
carrying at its lower end a 
frame, in which are fixed one 
or two glass cylinders con- 
taining mercury. When the 
temperature rises the length- 
ening of the rod lowers the ceotre of gra\-ity and centre of oscil- 
lation of the whole ; but the expansion of the mercury produces the 
contrary effect ; and it will readily be understood that the quantity 
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of mercury ia tlie cylinders may be suoli as to produce an approxi- 
mately perfect compensation, 

3. Ellimtt'e Pendulum. — This pendulum, which was invented in 
England in the last century, ia known in France as Broeot's pendu- 
lum, and is frequently used in small French clocks. Tlie main rod 
/ is of iron. Attached to a cross bar at the upper part of this rod are 
two brass rods cc, whicli, by means of the levers aa and the pins tt, 
attached to the bob, raise this latter when the tempei-ature rises. 
Tti6 arms of the levers may evidently be so chosen as to maintain 
the centre of oscillation at an invariable distance from the axis of 
Buspension, by means of the different expansive powers of iron and 
brass. 

204, Force of Expansion of Bolide. — The force of expansion is very 
considerable, being equal to the force necessary to compress the body 
to its original dimension,^. Thus, for instance, iron when heated from 
0° to 100° increases by 0012 of its original length. In order to pro- 
duce a corresponding change of length in a rod an inch square, a 
force of about 15 tons would be required. It would be useless to 
attempt to offer any mechanical resistance to a force so enoimous; 
the only thing that ran be done, in the case of structures in which 
metals are employed, is to arrange the parts in sucli a manner that 
the expansion shall not be attended with any evil effects. Thu.s, in 
a railway, the rails do not touch each other, a small interval being 
left to allow room for the variations of length. Iron beams employed 
in buildings must have the end free to move forward witlinut encoun- 
tering any obstacles, which they would inevitably overthrow, Sheets 
of zinc and lead employed in roofing, are so arranged as to be able in 
a certain extent to overlap each otlter on expansion. 

We may further remark that the expansion of metals, though 
relatively very small, may practically become very considerable, if 
the length of metal which expands is sufficiently great. Suppose we 
take as an instance the length of railway from London to Edinburgh, 
which is about 400 miles. The extreme variations of temperature 
from winter to summer are about 50° C, which would produce a 
variation of length amounting to ■iOOx 5280x 00001 = 1288 feet. 
The actual variation is very considerable, and if the rails formed a 
continuous line at a certain temperature, this line would be inter- 
rupted or broken in pieces upon a change of temperature occumng 
in either direction. 

205. Conversion of Heat into Work, — In conclusion, we may remark 
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that heat when applied to a bar of metal produces two distinct and 
separate effects; one shown in the rise of temperature, and the other 
in the increase of volume. We may reasonably suppose that if the 
solid body were heated under such conditions as to preclude its expan- 
sion, the same quantity of heat would produce a much greater ther- 
mometric effect than in the former case. A similar remark applies to 
liquids and gases, and can be easily verified by experiment in the 
case of these latter. Here, then, is the first instance of a physical 
phenomenon of very frequent occurrence, namely, the conversion of 
heat into work, or reciprocally, of work into heat. Whenever a 
quantity of heat appears to be lost, the reason is that a corresponding 
amount of work is produced. If, on the other hand, work is done in 
compressing a body, so as to reduce it to the volume which it would 
occupy at a lower temperature, a rise of temperature is necessarily 
produced. 
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306. Relation between Real and Apparent Expansion, — If a vessel 
containiDg a liquid be heated, the level of the liquid rises, in conse- 
queace of the excess of the expansion of the liquid over that of the 
vessel Tlie observed increase of volume, not corrected for the ex- 
pansion of the vessel, is called the apparent expansion. It is evidently 
less than the real expansion, for if the vaJuine of the vessel hod 
remained the same, the level would have risen higher. 

The coefficients of real and apparent expansion are connecterl with 
the coefficient of expansion of tlie vessel by a very simple relation. 

Let us take tlie case of a liquid contained in a vessel similar to a 
thermometer in shape, that is, suppose the tube to be divided into 
parts of equal capacity, and that we know by previous gauging how 
many divisions are equivalent to the volume of the reservoir. 

Let n^ denote the number of divisions occupied by the liquid at 
zero, and n, the number of divisions occupied at temperature t°. 

Then ^ is the factor of apparent expansion, and ,^ — 1 is the 
itpparent expansion. 

Let us, for simplicity, take for our unit of volume the volume of a 
division at zero. Then if K be the expansion of the glass, the volume 
of a division at t" will he 1 +K. 

The volume of the liquid at t° is n, of these divisions, and is there- 
for* TO, (1 -I- K.). 

But if m be the real expansion of the liquid, the volume at i° is 
(1 -f m) TOj, since n^ ia the volume at zero. 

Hence we have 

n,U+K) = [l + m)n„i 

and 
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That 13, the factor of apparent expanaion ia equal to the factor of ■ 
real expaneityn of the liquid divided by that of tite vessel. Denote 
the factor of apparent exjmnsion by 1 + i. 

Then since from above 



or since aR is much smaller than either A or K, and may in general 
be neglected, 

m=A + K. 
That is, the real expansion of the liquid is equal to the apparent 
expansion plus the expansion of the vessel; and consequently, ike 
coefficic'iit of real expaiision is equal to the coefficient of apparent 
expansion plus the coefficient of expansion of the vessel. 

207. Expansion of OlasB.— By means of this relation we can Hnd 
tlie coefficient of expansion of any kind of glass ; we have only to 
measure the coefficient of apparent expansion of the mercury in a 
thermometer made of this glass, and to subtract it from the coefficient 
of absolute expansion of the metal, wliich, aa we shall see afterwards, 
is equal to ^q. The coefficient of apparent expansion varies a little 
according to the quality of the glass employed; if we take it as ^^ 
which is Dulong and Petit's determination of its mean value, we shall 
have for the coefficient of expansion of glass 
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808. Expansion of any Ziiquid. — The coefficient of expansion of tlie 
glass of which a thermometer is composed being known, we may use 
the instrument to measure the expansion of any liquid. For this 
purpose, the liquid whose coefficient of expansion is to be determined 
IS introduced into the thermometer, and the number of divisions n^ 
and 7J, occupied by the liquid at the temperatures 0° and f respec- 
tively, are observed. Then, if D, A, K, be the coefficients of real 
expansion, of apparent expansion, and of expansion of the glass, each 
reckoned per degree Centigrade, we have 

7 — 1=A(, wlienee A is known; and 
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I+D=(l+A) (I+K), or D— a+K nearly, whence D is known. 

M. Pierre has performed an extensive seriea of experiments by this 
method upon a great number of 
liquids. 

The apparatus employed by 
him is shown in Fig. 209. The 
thermometer containing the given 
liquid is fixed beside a mercurial 
thermometer, which marks tl)8 
temperature. The reservoir and 
a small part of the tube are im 
mersed in the bath contained in 
the cylinder below. The upper 
parts of the stems are inclosed in 
a second and smaller cylinder, the 
water in which is maintained at a 
sensibly constant temperature in- 
dicated by a very delicate thermo- 
meter. 

From these experimente it ap- 
pears that the expansions of Ii~ 
quids are in general much greattr 
than those of solids. Further, ex- 
pansion does not proceed uni- 
formly, as compared with the 
indications of a mercurial ther- 
mometer, but increases very perceptibly ; 
This is shown by the following table:- 




bly ;u 


Uii; 


Ll^iu 


uruture rises. 


i™.^!^ 






■.,™..t.»-. 


■00014S 






i-oor«a 


•OIOBBI 






loussa 


'01540S 






1 088803 


■OliSSi 
•012020 






1-019Q0U 
1 '050509 



209. Maximum Density of Water. — By applying the experimental 
method just described to the case of water, we may easily observe 
the volume occupied by the same weight of this liquid at different 
temperatures, and it has thus been found that this volume is least at 
4° Centigrade. At this temperature, accordingly, the density of water 
is a maximum, ao that if a quantity of water at this temperature be 
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either heated or cooled it uodergoes an increase of volume. This i3 
a. curious and unique exueption to the general law of expansion hy 
heat 

This anomaly may be exhibited by means of tlie apparatus repre- 
sented in Fig. 210, which consists of two thermometei-s, one of 
alcohol, and the other of water. The reservoir of this latter, on 
account of the smaller expansive power of the liquid, is a long spiral, 
enveloping that of the alcohol thermometer. 
Both the reservoirs are contained in a metal 
box, wliich is at first filled with melting ica 
Tlie two instruments ni-e so placed, that at 
zero the extremities of the two liquid columns 
are on the same horizontal line. Tliis being i 
the case, if the ice be now removed, and the 
apparatus left to itself, or if the process be 
accelerated by ]»lacing a spirit-lamp below | 
the box, the alcohol will immediately be seen 
to rise, while the water will descend; and the 
two liquids will thus continue to move in 
opposite directions until a temperature of 
about V is attained. From this moment the 
water ceases to descend, and begins to move 
in the aarae direction as the alcohol This 
experiment, although very well adapted for 
exhibiting the phenomenon, does not enable 
us to measure exactly the temperature (rf 
maximum density, since it is the apparent, 
and not the real, expansion of water which 
is thus observed. The following experiment, which is due to Hope, 
is more rigorous. 

A glass jar is employed, having two lateral openings, one near the j 
top and the other near the bottom, which admit two thermometers | 
placed horizontally. The tube is filled with water, and its middle ii 
surrounded with afrigorific mixture. The following phenomena will j 
then be observed. 

The lower thermometer descends steadily to 4°, and there r 
stationary. The upper thermometer at first undergoes very little ] 
change, but when the lower one has reached the fixed tempemtore, 
the upper one begins to fall, reaches the temperature of zero, and, 
finally, the water at the surface freezes, if the action of the fiigorific 
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mixture contiuues for a sufficiently long time. These facts admit of 
a vety simple explanation. 

As tiie water in tlie middle portion of tbe tube grows colder it-i 
density increases, and it sinks to tlio liottom. 
This process goes on till all the water in 
the lower part of the vessel has attained tbe 
temperature of 4°. But when ail the water 
from the centre to the bottom has attained 
this temperature, any further cooling of the 
water in the centre tails to produce motion, 
until needles of ice are formed. These being 
epecifically lighter than water, rise to the sur- 
ikce, and thus produce a circulation which 
causes the water near the surface to freeze, 
while that near the bottom remains at the Hop^'lipciimnit. 

temperature of 4°. 

This experiment represents on a small scale what actually takes 
place during winter in pools of fresh water. Tlie fall of temperature 
at the surface does not extend to the bottom of the pool, where the 
water, whatever be the external temperature, seldom falls below 4°, 
This is a fact of great interest, as exemplifying the close connection 
of natural phenomena, aud the manner in which they contribute to 
a common end. It is in virtue of this anomaly exhibited by water 
in its expansion, taken in conjunction with the specific lightness of 
ice and the low conducting power of water, tliat the temperature at 
the bottom of deep pools remains modei'ate even during the severest 
cold, and that the lives of aquatic animals are preserved. 

SIO. Saline Bolutions. — In the case of saline solutions of different 
densities, the temperature of maximum density falls along with the 
freezing-point, and in fact falls more rapidly than this latter, so that 
for solutions containing a certain proportion of salt the temperature 
of maximum density is below the freezing-point. In order to show 
this experimentally, the solution must be placed in such circumstances 
aa to remain liquid at a tempentture below its freezing-poiut. This 
ia a curious example of the continuity of physical laws, and of the 
restriction which must be applied in physics to the generally correct 
and logical principle of final causes. For salt water has a point of 
maximum density, although before that point is reached congelation 
takes place. In this instance the maximum density plays no jiart in 
the designs of ULiture, and leads to no practical benefit, being simply 
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a proof of the permanence of a physical law, even when the circum- 
stances on which its utility depended have disappeared, 

Sll. Law of the Expansion of Liquids. — Aa we have shown above 
(§ 208), the expansion of liquids does not advance uniformly with the 
temperntnre; whence it followa that the mean coeiEcient of expansion 
will vary according to the limiting temperatures between which it is 
taken. 

From a general review of the researches which have been made on 
this subject, it appears that for a great number of liquids the mean 
coefficient of expansion increases uniformly with the temperature^ 
If, therefore, A be the expansion from to /, we have 

— =a + bt, whence a=a( + i(', 

a and 6 being two constants specifying the expansibility of the given 
liquid. 

For some very expansible liquids two constants are not suiEcient, 
and the expansiou is represented by the formula 



We subjoin a few instances of this class taken from the work of 
M. Pierre: — 

Alcohol a = 0-0010*88 ( + 0'0000017filO (' + 0-0000000018*518 (» 

Ethar a = 000I5132t + O-0O00023593i* + O-OOOO00040051 (" 

Bisulphide of curbon.... a = 00011398 ( + 0-0000013707 [» + 0-0000001B123(' 
Bromine A =00010382 ( + 0-00000171U (• +0OOO0OO0OS1471 1' 

An examination of the formulie for the different liquids which 
have been tested, shows that none of them have a point of maximum 
density ; this property remains peculiar to water. 

212, Absolute Expansion of Mercury. — The great importance of 
mercury in physical experiments, especially in connection with the 
barometer and thermometer, render it necessary to determine very 
accurately the coefficient of expansion of thb liquid. TItis determina* 
tion has been effected by Dulong and Petit by a very ingenious 
method, in which the observation of the heights of liquid columns is 
substituted for the measurement of volumes, which is always open 
to some uncertainty. 

A and fi are two tubes containing mercuiy, and communicating 
with each other bj' a very narrow tube CD. If the temperature of 
the liquid be uniform, the mercury should stand at the same height 
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in both branches, accordiDg to the fundamental law of liquids in 

communiciiting vessels. But if the tube AC, for instance, be kept at 

0° Ceut, and the temperature of BD be 

raised, the density of the heated liquid will 

become leas, and a greater heiglit will conse- 

quently be required to equilibrate tlio prea- (L 

sure of the other column. 

Suppose the horizontal tube divided by a 
vertical section, and let h and ft denote the 
respective heights of the liquid in the cold 
and in the heated branches above the centre 
of gravity of this section, As the pressures 
on both sides must be equal, we must have 
the equation hd = h'd', where d and d' are 
the densities of the mercury at zero and at * " ■ j,",^^ " " '™*' 
the ottier given temperature. 

But from what has been said above (§ 199), we have d'^jv— 
where m is the expansion of the liquid from 0° to f ; and consequently, 
!id=^.' , whence 



We thus see that it is sufficient to measure exactly the lieights h' and 
h in order to find m. 

We sliould remark, that the centre of gravity of the liquid section 
which we have been considering, is the only point of it which is in 
equilibrium; the upper part is subject to a greater pressure on the 
side of tlie heated liquid, and the lower part on the side of the cold ; 
there is thxis a tendency to the production of two opposite currenta, 
which, however, is almost completely destroyed by the amallness of 
the bore of the connecting tube. Even supposing these currents 
actually to exist, the inverse effects produced by them would sensibly 
compensate each other, compared with the heights of the liquid in 
the two branches. 

The following is the method by which Dulong and Petit have 
carried out the above principle. 

The connecting tube, between the two branches A and B of the 
apparatus (Fig. 213), rests upon a T-shaped iron support, carrying 
two spirit-levels at right angles to each other for insuring liorizon- 
tality. One of the branches B ia inclosed in a cylinder coutBdnir" 
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melting ice; the other A is surrounded by a copper cylinder filled 
with oil, and heated by a furnace connected with the ajiparatua In 
making an observation the first step is to arrange the apparatus so 




rif. 119.— AppmlOJi of DuluDg uil rstit, 

that, when the oil is heated to the temperature required, tlie mercury 
in the tube A may just be seen above the top of the cylinder, so as 
to be sighted with the telescope of a cathetometer; this may bo 
effected by adding or taking away a small quantity of oil. The 
extremity of the column B is next sighted, which gives the difference 
of the heights h' and 7i, It is further necessary to determine the 
absolute height h. 

For this purpose the height of a reference mark i above the surface 
of tlie T-shapcd support has been directly measured. From this 
height half the external diameter of the horizontal tube is to be sub- 
tracted, and it only remains to observe the distance of the end of the 
column B from the mark at the time of the experimenL 

The temperature of the oil is given by the weigh ^thermometer t, 
and by the air-thennonieter r, which latter we shall explain here- 
after. 

By means of this method Dulong and Petit ascertained that the 
expansion of mercury is sensibly uniform, as compared with the 
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indiditiona of an air-tliermometer, between 0° and 100" G Above 
thia point it goes on increasing Eke other liquids, but not in any 
marked degree. Tlius, the mean coefficient between 0° and 100° is 
55jy. Between 0' and 200° it becomes tj^t, and ^^ between 0° and 
300°. 

Regnanlt, without altering the principle of the experiments of 
DuloDg and Petit, introduced several improvements into their appar- 
atus, and added greatly to the length of the tubes A and B. thereby 
rendering the apparatus more sensitive. The results obtained by 
him do not differ very materially from those of Dulong and Petit ; 
thus, for instance, he makes the coefficient between 0° and 100° equal 



His experiments show that the mean coefficient between 0^ and 
50" is gj^, a number almost identical with 777^, 

213. Ezpansioa of Iron and Platinum. — The coefficient of absolute 
expansion of mercury being known, that of glass is deduced fram it 
in the manner already 
indicated (§ 207). Du- 
long and Petit have 
deduced from it also the 

coefficients of expansion rig, 21*,~-Ej|iiu«lun ot iron uml PtaUnuo). 

of iron and platinum, 

neither of which metals are attacked by mercury. Tlie method em- 
ployed is the following. 

The metal in question was introduced, in the shape of a cylindrical 
bar, into the reservoir of a weight- thermometer. Let W be the 
weight of the metal introduced, and D its density at zero. The 
process is the same as in using the weight- thermometer; that is, after 
having filled the reservoir with mercury at 0° C, we observe the 
weight w of the metal which issues at a given temperature t The 
volume at 0° C. of the mercury which baa issued, is ^, d being the 
density of mercury at zero; the volume at f is therefore ^ (1 4-n)0. 
m being the coefficient of expansion of mercury. Tliis volume evi- 
dently represents the expansion of tlie metal, ^ius that of the 
mercury, miniia that of the glass. If then M denote the weight of 
mercury that fills the apparatus at 0° C, and if K be the coefBcient 
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fif cubical expansion of glass, and x the expansion of unit volume of 
the given metal, we have the equation 

whence we can finrl x. 

214. ConvectioD of Heat in Liquids. — When different parts of a 
liquid are heated to different temperatures, corresponding differences 
of density arise, leading usually to the formation of cun^ents which 
tend to produce equality of temperature as far bs their presence 
extends. To this phenomenon, which ia altogether distinct from con- 
duction, the name of cmivecHon is given. 

Thus, for instance, if we apply heat to the bottom of a vessel con- 
taining water, the parts immediately sulijected to the action of the 
heat expand and rise to the surface ; they are replaced by colder 
layers, which in their turn are heated and ascend; and thus tlie pro- 
cess continues indefinitely, The two currents can be very well 
shown by throwing some oak saw-dust into the wal«r. By the 
movements of this substance, which lias nearly the same density &b 
water, it will be seen tliat the ascending current occupies the centre 
of the vessel, while the descending current passes along the sides. 

21fl. Heatinff of Buildings by Hot Water. — This is a simple applica- 
tion of the principle just stated. One of the most common arrange- 
ments lor this purpose ia aliown in Fig. 215; it is called the higb- 
prcssure system, because the water in the boiler can acquire a tem- 
perature considerably above 100° C. The boiler C ia heated by a 
fire below it, and the products of combustion escape through the 
chimney A B. At tlie top of the house is a reser\'oir D, communicat- 
ing witli the boiler by a tube. From this reservoir the liquid flows 
into another reservoir E in the story immediately below, thence into 
another reservoir F, and so on. Finally, the last of these reservoira 
communicates with the bottom of the boiler. Tlie boiler, tubes, and 
reservoirs are all completely filled with water, with tlie exception of 
a small space left above in order to give room for the expansion of 
the liquid. An ascending current flows through the left-hand tube, 
and the circulation continues with remarkable regularity, so long as 
the temperature of the water in the boiler remains constant. 

S16. Currents in the Sea. — In the production of these currents 
convection pi ays an important, though perhaps not the principal part. 
In fact, the sea is an enormous mass of liquid whose temperature 
varies &om point to point. Equilibrium is consequently impossible, 
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and the different parta must therefore be in a state of continual 
motion with regard to each other. The waters of the tropical seas 
should, by reason of ii ri ri 

their excess of tempera- ■ L===' ^ ' 

ture, have a higher level 
than those of the polar 
seas; and the result is, 
a continual kind of 
overflowing of the M-a- 
ters about the equator, 
and consequently a vast 
current setting towards 
the poles. But to this 
cuiTent evidently cor- 
responds a lower current 
of cold water flowing 
towards the equator, 
til ere to become heated, 
to overflow again, and 
80 on. One of the most 
remarkable of oceanic 
currents is that which 
is known as the Gulf 
Stream. This current 
of warm water forms a 
kind of immense river 
in the midst of the sea, 
differing in the tem " ' 

perature, saltness, and colour of its waters from the medium in which 
it flows. Its origin is in the Gulf of Mexico, whence it issues through 
the straits between the Bahamas and Florida, turns to the north- 
west, and splits into two branches, one of which goes to warm the 
coasts of Ireland and Norway, the other gradually turns southwards, 
travei-ses the Atlantic from north to south, and finally loses itself in 
the regions of the equator. 

"The Gulf Stream is a river in the ocean; in the severest droughts 
it never fails, and in the mightiest floods it never overflows; its 
banks and ita bottom are of cold water, while its cun-ent is of warm; 
it takes its rise in the Gulf of Mexico, and empties into Arctic seas. 
There is on earth no other suuh majestic flow of waters. Its current 
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is more rapid than the Mississippi or the Amazon, and its volume 
more than a thousand times greater. Its waters, as far out from the 
Gulf as the Carolina coasts, are of indigo blue. They ai*e so distinctly 
marked that their line of junction with the common sea- water may 
be traced by the eye. Often one-half of the vessel may be perceived 
floating in Gulf Stream water, while the other half is in common 
water of the sea, so sharp is the line." — (Maury, Physical Oeography 
of the Sea.) 

Another cause of oceanic currents is to be found in the winds, 
which again are themselves examples of convective currents in the 
atmosphere. In the case of the Gulf Stream, it would appear that 
an accumulation of water is produced in the Gulf of Mexico by the 
trade- wind which blows steadily towards it over the South Atlantia 
The elevation of level occasioned by this accumulation is probably to 
be regarded as the principal cause of the Gulf Stream. We shall 
discuss the origin of winds in a later chapter (Chap, xxxiv.) 
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217. Experiments of Qay-Lassac. — Gay-Lussac conducted a series of 
researches on the expansion of gases, the results of which were long 
regarded as classical. He employed a thermometer with a large 
reservoir A, containing the gas to be operated on ; an index of mer- 
cury 71171 separated the gas £i-om the external air, while leaving it 
full liberty to expand. Tlie gas had previously been dried by pass- 




ing it through a tube containing chloride of calcium, or some other 
desiccatiug substance. The thermometer was fixed in a-vesse! which 
was first filled with melting ice, and when the gas had thus been 
brought to 0° C, the tube was so adjusted that the index coincided 
with the opening through which the thermometer passed 

The tube being divided into parts of equal capacity, and the re- 
servoir having been previously gauged, the volume V is known which 
is occupied by the gaa at an external pressure H indicated by a baro- 
"fl apparatus is then raised to a given temperature T by 
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means of tlie furnace below the vessel, and tlie stem of the tbermo- 
meter is moved until the index readies the edge of the opening; at 
this new temperature the gas occupies a volume V expressed in 
divisions of the tube : at the same time the pressure may have varied ; 
suppose it to have become H'. From these data it is easy to deduce 
the expansion of unit volume of the gas from 0° to T at const:int 
pressure. If D denote this expansion, the volume of the gas at T at 
the original pressure would be V (1+D). But the gas occupies a 
volume V at the temperature T and pressure H'. At the pressure 
H the volume would therefore he V'-g-. But the divisions of the 
thermometer have expanded in the ratio 1+KT, K being the co- 
efficient of expansion of glass: the true expression therefore for the 

new volume of the. gas at the pressure H is — "n 1 whence we 

have the equation 

V(1 + D) = V'C1 + KT)H* 
from which we can find the value of D, and consequently that of the 
mean coefficient of expansion ^. By means of this method Gay- 
Lussflc amved at the following results: — 

Ist^ — All gases expand by the same amount between tlie same 
limits of temperature, 

2d. — The coefficient of expansion is independent of the pressure. 
He also found that the coefficient of expansion of air between 0° and 
100° was 00375. 

These laws, which, together with Boyle's law, were long regarded 
us defining the fundamental properties of tlie gaseous state, are not 
rigorously exact, but are subject to restrictions similar to those 
which apply to Boyle's law. The absolute value of the co-efficient 
of expansion of air as laid down by Gay-Lriasac is very sensibly 
erroneous. Tlie true value has been determined, by subsequent ex- 
periments conducted with gi-eater precision, to be ■0036G5, or njg- 

218. Begnault'a ExperimentB. — The apparatus emploj'ed by Gay- 
Lussac had one serious imperfection. The mercurial index did not 
constitute a sufficient barrier between the gas under investigation and 
the external air ; so that a portion of the gas was able to escape, while 
at the same time some of the external air became mixed with the gas; 
eithei' of which circumstances would impair the accuracy of the ex- 
periment. It also appears that the means employed by Gay-Luseao 
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for desiccating the gaa were insufficient However this may Le, the 
subject of the expansion of gaaea has been taken up by several phy- 
sicists, as Pouillet, Rudberg, Magnus, and Regnault, who have per- 
formed a number of experiments on this subject, of undoubted ac- 
curacy, the result of whicli has been slightly to modify the conclusions 
arrived at by Gay-Luasac. 

We shall confine ourselves to describing one of the methods em- 
ployed by Regnault. 

The apparatus consists of a glass baU with a narrow neck, contain- 
ing the gaa. This is placed in a boiler (Fig. 217), containing water. 




which can afterwinds bi; niifi[;il m i.-ijiiiiit.iuii. A T-ahaped tube, 
with three branches, establishes communication between the neck of 
the globe and a system, consisting of two tubes, containing mer- 
cury, and forming iu fact a mercurial manometer, and also between 
the globf 'es of desiccating tubes, not shown in the figure 
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which are tbemaelves in commuaication with a small air-punap. On j 
the first branch of the manometer, near the capillary portion of the 
tube, is a reference mark. 

The following is the mode of determining by means of this ap- 
paratus the coefficient of expansion between 0° and 100° C. The 
first step is to exhaust the globe a certain number of times, each time 
refilling it with air, or with the gas under investigation, which has 
been dried by passing it through the desiccating tubes. The drying 
may be rendered more complete and rapid by raising the temperature 
of the globe. This series of operations is, as Regnault has shown, 
absolutely necessary in order to remove from the surface of the glass 
the last traces of moisture, whicli are exceedingly tenacious. 

The gas having been admitted for the last time, the globe is sur- 
rounded with melting ice, and is left to itself. The gas contracts, and 
a fresh portion enters the globe, having first been perfectly dried by 
passing througli the desiccating tubes. The apparatus is thus filled 
with gas, and communication ia established for a few seconds with the 
external air, so that the gas is at atmospheric pressure. Mercury is 
then poured into the manometer so as to bring the level of the fluid, 
which is the same in both branches, up to the reference mark. The 
branch of the T which established communication between the globe 
and the desiccating tubes is tiien hermetically sealed by directing 
the flame of a blowpipe upon it. 

The effect of this operation haa thus been to isolate a quantity of 
gas at the atmospheric pressure H. This quantity consists of — 

(1.) A volume V at the temperature of 0° C, V being the known 
volume of the globe. 

(2.) A volume v, which is very small, extending from the neck of 
the globe to the mark on the manometric tube. This volume v is at 
the surrounding temperature t ; if brought to aero, it would become 
J— j, a being the coefficient of expansion of the gas. In the fii-at 
part of the experiment, therefore, we have a quantity of gas which, 
when reduced to the temperature of zero and pressure H, would Lave 
the volume 



The ice surrounding the globe is now removed, the boiler is filled 
with water, which is heated to ebullition; the volume and pressure 
of the gas increase, the mercury consequently falls in the first branch 
of the manometer, and rises in the other. When equilibrium of tem- 
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pemture has been established, mercury is poured into the opeo 
branch, go as to raise tbat in tbe other branch to the mark. There 
is then found to be a difference of level h : the external pressure may 
have changed at the same time, and become H'; tlie gas is conse- 
quently subjected to a pressure H' -f A, Its volume consists of two 
parts: — 

(1.) The volume V (I +KT) of the globe, K denoting the coefficient 
of expansion of the glass, and T tbe temperature of the boiling water 
at the moment of tJie experiment ; this volume when reduced to zero 
becomes 

V(1+K T) 



(2 ) The volume v of the tube as far as the mark, which volume at 
zero becomes jrfr^. where (' is the surrounding temperature. Thus, 
in the second part of the experiment, the given quantity of gas under 
the pressure H'+'i, would, at the temperature of zero, occupy tlie 
volume 



We have thus, bj' expressing that the volumes are inversely as 
the pressures. 



('*r 






To solve this equation we have recourse to a method frequently 
employed in physics, which is called the metkod of successive ap- 
proximations; V being a very small quantity, is at first supposed to 
be zero; on this supposition the value of a is easily obtained. This 
value is then substituted in the correcting terms ^^r^' p-^' whence 
the real value of aT is deduced. Now T ia the temperature at which 
the water boils, and is always known, as we shall see hereafter, if 
the external pressure is known. 

In the experiment Just described, the volume of the gas remains 
sensibly tlie same, and the effect of heat is shown by an increase of 
pressure. We might have proceeded differently, and caused the gaa 
to expand under a constant pressure. 

We shall not stop to describe the modified form of the apparatus 
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wliich is adapted to this other mode of experiment ^ we shall only 
remark that the results obtained by the two processes do not exactly 

agree, as will be seen from the following table: — ■ 



T EX-PANBIOH res BeCBIK ClNTiaRAVE. 



Air O003BB5 

Nitrogen »-00366S 

Ejdiogen O-00Sfi87 

Carbonio cndde a'003667 

Cirbonio add. UOOSSSS 

mtnutoxida. Q-00367e 

Oyanogen 0003829 

Soliihurcnu Mid O'OOSSiS 



0008710 

O'00372O 
0'003877 



This table shows that each gas has its own coefficient of expansion, 
as we have already seen that each has its own coefficient of com- 
preaaibility. Non-liqtiefiahle gases, however, have nearly the same 
coefficient of expansion, a result which accounts for the conclusion 
arrived at by Gay-Lussac 

As regards the differences between the two sets of numbers, it is to 
be noted tliat the second set alone represent expansion as directly 
observed. The first set directly measure the increase of pressure 
which occurs when expansion is prevented. If Boyle's law were rigor- 
ously true, the two sets of results ought to be identical. In point of 
fact, it will be remarked that, except in the case of hydrogen, the 
numbers in the second column are larger than those in the first, 
indicating that tlie product of volume and pressure diminishes 
slightly as the pressure increases. 

We may add that the coefficient of expansion increases very sensi- 
bly with the pressure; thus, between the pressures of one and of 
three atmospheres the coefficient of expansion of air vories from 
00367 to 00369. This increase b still more marked in the case of 
liquefiable gases. 

The coefficient of expansion per degree Fahrenheit is g- of the 
coefficient per degree Centigrade. For air or any non-liquefiable gns 
this may be taken as 002036 or y^. 

219, Air-thermometer. — We have already stated, in connection 
with the mercurial thermometer, that the name deyi-ee (Centigrade) 
is given to the hundredth part of the apparent expansion of the 
mercury in the glass. As the different kinds of glass employed in 
the construction of these instruments have not the same law of 
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expansion, it follows, as ve have remarked, that mercurial themio- 
meters are not rigorously comparable with each other, particularlj 
above 100', 

The expansion of air being much more considerable than that of 
mercury, the variations caused by differences in the glass will be 
relatively less; for this reason (as well as for others which will be 
stated hereafter) the air-thermometer is employed to measure tem- 
perature in experiments of precision. 

Any apparatus that will measure the expansion of air may serve 
as an air-thermometer; we have only to consider T as the unknown 
quantity in the expression 1-f-aT, writing for a the value of the 
coeflicient of expansion given in last section. 

M. Pouillet proposed to employ air in pyrometric investigations, 
and constructed an instrument to which he gave the name of air- 
pyrometer, and with which be performed some interesting experi- 
ments. Pouillet's pyrometer was very similar to Regnault's apparatus 
described above (§ 218); but the reservoir and part of the tube were 
of platinum, so as to be able to resist high temperatures. The indica- 
tions of this instrument, however, could not be entirely relied on, 
since platinum has the property of condensing air upon its surface, 
and partially giving it out at high temperatures. At such tempera- 
tures, also, platinum becomes quite permeable to some of tlie gasea 
of the furnace. For pyrometric purposes it is better to inclose the 
air in a porcelain vessel, as has been done by Deville and Troost^ 

219a. Absolute Temperature. Absolute Zero. — If the air-thermo- 
meter be made the standard of temperature, equal differences of tem- 
perature will correspond to equal differences in tlie volume occupied 
by a given mass of air at constant pressure, the difference amounting 
to lYZ of the volume at 0° C, for each degree Centigrade, or to ^Ir 
of the volume at 32° F. for each degree Fahrenheit 

' Tlie following aocnunt of a pyrometer cooetructed by Regnault, on tho principle of thi: 
klr-tbenaometer, ia given in Dr. B. Stew&rt'a treatise on heat. "Tliare !■■ kind of 6uk. 
eicher oylinilrical or spherical, which may be either of cost or wrought iron, of plMinum or 
of porceluD: the mouth ie cloaed by a plate contaioing a BmaU apcriiure. From lA lo 20 
grunmei of mercury are added to this fliuk, which ia then placed in that part of the furnace 
tlie temperature of ichich we desire to kuow. The mercury eoon boils, ita vapour expels 
tbe air by the orifice, and the eicwa of merourial capour goes off by the same means. 
When the apparatua has aojuiced the temperature of tbe rumace the Soak ia withdrawn 
and made to cool rapidly, and the murcury which remalna in the Qaak ia weighed. It may 
be weighed directly, or if it contains impurity, it is diaaolved in acid, and esLimatcd as a 
precdjHtate. This weight is that of tlie vapour of mercury wliich filled the Soak at tbe 
temperature of the fomace, and the volume of the Sask, ad well as the dsnaity of mercurial 
vapour being kv TiperstuiB may thus he determined." 
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The lowest temperature that could thus be expreased is evidently 
—273° C or —459° F.. since at this temperature the given mass of air 
would be reduced to a mathematical point. This is often called the 
absolute sero of temperiture, and temperatures reckoned from it are 
called absolute tcmperatu/res. 

If C and F denote temperatures Cent and Fahr. respectively, 
273+ G and 459 + F will be the corresponding expressions for absolute 
temperature. 

The statement of the relations between the volume, pressure and 
temperature of a given mass of air or other gas can be somewhat 
simplified by the employment of this term. Tlieae relations (assum- 
ing the correctness of Boyle's and Gay-Lussac's laws) are as follows : — 

1. The volume varies directly as the absolute temperature, when 
the pressure is constant. 

2. The pressure varies directly as the absolute temperature, when 
the volume is constant. 

3. For all variations, the expression -^ remains constant in value, 
V denoting volume, P pressure, and T absolute temperature. 

The subject of this section will be further 



Chap. 



220. Density of Oasss. — The volume of gases, owing to their great 
expansibility and compressibility, is subject to enormous variationa. 
Hence, in stating the ahaolvie d&naity of a gas, it is very important 
to specify the temperature and pressure at which we suppose it to be j 
taken. 

In stating the specific gravity or relative density of a gas aa com- 
pared with dry atmospheric air, which is always adopted as the stan- 
dard substance, it is to be understood tliat the giis is at the same 
tempemture and pressure as the air with which it is compared; and, 
in consequence of the inexactness of the laws of Boyle and Qay- 
Lussac, it is further necessary, for purposes of accuracy, to specify 
the temperature and pressure at which the comparison is made. 
These are usually the temperature 0° C, and the pressure of 760 milli- 
metres. The specific gravity or relative density of a gas is therefore 
defined as the ratio of the weight of any voluvie of the gas at the 
temperature 0" C, and the pressure of 760 milliineires, to the weight , 
of the same volume of dry air at tlie aame temperature and presstvre. 

This ratio being known, we can deduce from it the weight of any 
volume of the gas in question, by employing aa a factor the weight 
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of unit volume of air (§ 100). Thus, for instance, the ratio of the 
density of oxygen to that of air lieing 11 056, and the weight of a 
litre of air at 0° C. and 760 millimetres being 1 '203 gramme, we 
conclude that the weight of a litre of oxygen at this temperature and 
pressure is l-293xl*105G=cl-4"29 gramme, 

221. MeaBarement of the Density of a Gas.— The densities of gases 
have been the subject of numerous investigations; we shall here 
mention only the ingenious and exact method employed by Regnaulb. 
The gas is inclosed in a globe, of about 12 litres' capacity, and fur- 
nished with a stop-cock. This communicates with a three-way tube, 
fumialied with stop-cofks a and b {Fig. 218), and through it with an 
air-pump on one side, and a mauoineter on the other. The globe is 
exhausted several times, and each time the gas is dried on its way to 
the globe by passing through a number of tubes containing pieces of 
pumice-stone moistened with sulphuric acid. When all moisture is 
; to be removed, the globe is surrounded with melting ice. 
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and is allowed to fill with gas at the pressure of the atmosphere. 
When equilibrium of temperature has been established, the globe is 
taken out, carefully dried, and suspended from one of the scales of a 
balance. From the other scale is suspended a globe of the same 
glass, and of the same oxternal volume {Fig. 219). The equality of 
the volumes is tested by weighing each in water, and noting the 
upward pressure of the liquid in each case. Weights are now added 
until equilibrium is established; and it can be proved that this equili- 
brium ■■'orously maintained, whatever be the variations of 
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external pressure and temperature, because these rariatioDS wUI 
produce the same effect upon both globes. It is this introduction of 
a competwating globe which gives Regnault's method its "great pre- 
cision ;> for since nil external causes that could disturb equilibrium 
iu-e balanced, the observed differences in weight can result only firom 
variations in the gas Inside. 

The globe is then again suiTounded with ice, communication with 
the air-pump and the manometer is established, and a partial vacuum 
is produced as far as a certain limit A. On the globe being again 
suspended from the scale, the equilibrium of the balance is disturbed, 
and the weight w, necessary to re-establish it, is evidently equal to 
the weight of a volume of dry gaa at 0°, and at the pressure H— A, 
H being the external pressure. Hence it follows that the weight of 
dry gas which would completely fill the globe at the temperature of 
0°, and at the pressure of 7G0 millimetres, is 



The same experiment, when performed with air, would give as the 
weight of the same volume of this gas under the same conditions 

, _7fiO 
H-A" 

The relative density of the given gaa is therefore 

760 ^ . 7C0 _« H- - ;<• 
H-A' H'-A' u/'H-A" 

222. Weight of a Litre of Air. — The preceding experiments give 
the weight of dry air which fills a given globe at 0°, and at a pressure 
of 760 millimetres. In order to know the weight of a litre of air, 
we have only to observe the weight of water Mhich fills the same 
globe at a given temperature. Let m be the difference of weight of 
the globe when filled with water and with dry air; then the weight 
of the water contained in the globe is evidently m plus the weight 
of the dry air, wiiich is previously known, and which we shall denote 
by a. Let x be the volume of the globe, and e the expansion of the 
water frem 4°C. to the temperature of weighing. Then, if the gramme 
and cubic centimetre be the units of weight and volume, we have the 
equation 

' The same devi™ tad previously been employed by Dr. Proat in detcrminiDg the weight 
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which gives the volume of the globe at a known temperature, whence 

the volume at zero may be deduced. 

Various minute precautions are necessary in order to fill the globe 
with water completely free from air, and in order to insure that the 
temperature shall be the same throughout the whole of the consider- 
nble volume employed in the experiment. The 6rst condition is 
especially difficult to fulfil; in order to attain it, Kegnault first 
expelled the air from the globe by introducing a small quantity of 
water, and then exhausting the globe, the process being aided by a 
slight elevation of temperature; on the other hand, water, from which 
the air had been expelled by boiling, was forced by the pressure of 
steam into a tube leading to the stop-cock of the exhausted globe, 
so as to be nowhere exposed to the atmosphere. The difficulties of 
tliis process were skilfully overcome by Eegnanlt, and he finally 
ai-rived at the following result. 

In Piiris, at a height of 60 metres above the level of the sea, a litre 
of dry air, at the temperature of 0° C, and a pressure of 760 milli- 
metres, weighs 1-2932 gramme. A pressure of 760 millimetres of 
mercury has not the same effective value at different pai-ts of the 
globe, on account of the variations in the intensity of gravity, whence 
it follows that the weight of the litre of air, defined by the preceding 
conditions, varies proportionally to the value oft/. (See note to § 100,) 

The following table gives the densities of several gnses at 0° C, and 
under the pressure of 700 millimetres at Paris: — 



Air 1 

Oiygen iaO503 

Eyilnigen '08520 

Nitrogen. -U7137 

Chlorine 3-iaia 

Cubania oxide -9599 

Cttrbonic acid 1-52901 

Protoiide of nitrogen 1 ■62fiB 

Binoxida of nitragen I'OSSS 

SiiI])hurous acid 2'IE)30 

Cyuiogeo 1-806* 



Marshgi 

Olefiant gas... 



-S85 



Atwiluta DlDUlt]^ 
in gruDiiua per UUvl 
I'2B33 
1-1S9B 
-0SB6T 
1-26816 
3-13SS 

lasu 

i'B7r* 

l'9fl»7 
1-S431 
27MB 
2-3302 



■727 
l-27< 



S23. Draught of Chimneys. — The expansion of air by beat pro- 
duces the upward current in chimneys, and an approximate expres- 
sion for the velocity of this current may be obtained by the appUca- 
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tion of TorriceUi's theorem on the efflux of fluids from orifices (Chap. 
xviii.). 

Suppose the chimney to be cylindrical and of height h. Let the 
air withia it be at tiie uniform temperature t' Centigrade, and the 
external air at the uniform temperature t. According to TorriceUi's 
theorem, the square of the linear velocity of efflux is equal to the 
product of 1g into the head of fluid, the term }iead of fluid being 
employed to denote the pressure producing efflux, expitased in terma 
of depth of the fluid. 

In tlie present case this head is the difference between h, which is 
the height of air within the chimney, and the height which a column 
of the external air of original height h would have if expanded 
upwards, by raising its temperature from ( to ('. This latter height 
ia h J— ^ ; a denoting the coefficient of expansion 00366; and the 
head is 

t'tjLf-i. '-y-" . 

l+at l+ol 

Hence, denoting by v t!ie velocity of the current up the chimney, we 
have 

^_B..rAa(f-() 



This investigation, though it gives a result in excess of the truth, 
from neglecting to take account of friction and eddies, is sufficient to 
explain the principal circumstances on which the strengtJi of draught 




depends. It shows that tlie draught increases with the height h of 
the chimney, and also with the difference i' — ( between the internal 
and external temperatures. 
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The drauglit is not so good when a fire is first lighted as after it 
has been burning for some time, because a cold chimney chills the 
air within it On the other liand, if the fire is so regulated as to 
keep the room at tlie same temperature in all weathers, the draught 
will be strongest when the weather is coldest. 

The opening at the lower end of the chimney should not be too 
wide nor too high above the fire, as ttie air from the room would then 
enter it in large quantity, without being first warmed by passing 
through the fire, Theae defects prevailed to a great extent in old 
chimneys. Rumford was the firat to attempt rational iraprovementa 
He reduced the opening of the chimney and the depth of the fire- 
place, and added polished 
plates inclined at an angle, 
■which serve both to guide 
the air to the fire and to re- 
flect heat into the room (Fig. 
220). 

The blower (Fig. 221) pro- 
duces its well-known eflects 
by compelling all air to pass 
through the fire before enter- 
ing the chimney. This at 
once improves the draught of 1,^ j-j: -v,:^-yu<y -jiti T!i,™.r. 

the chimney by raising the 

temperature of the air within it, and quickens combustion by in- 
creasing the supply of oxygen to the fuel 

224. Stoves. — The heating of rooms by open fire-places is effected 
almost entirely by radiation, and much even of the radiant heat is 
wasted. This mode of heating then, though agreeable and healthful, 
is far from economical. Stoves have a great advantage in point of 
economy, for the heat absorbed by their sides is in gi-eat measure 
given out to the room, whereas in an ordinary fire-place the greater 
part of this heat is lost Open fire-places have, however, the advan- 
tage as regaids ventilation-, the large opening at the foot of the 
chimney, to which the air of the room haa free access, causes a large 
body of air Grom the room to ascend the chimney, its place being 
supplied by fresh air entering through the chinks of the doors and 
windows, or any other openings which may exist. 

Stoves are also liable to the objection of making the air of the room 
too dry, not, of course, by removing water, but by raising the tem- 
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perature of the air too much ahove tlie dew-point (Chap, xxviil). The 
same thing occurs with open fire-placea in frosty weather, at which 
time the dew-point is unusually low. This evil cau be remedied by 
placing a vessel of water on the stove, The reason wliy it is more 
liable to occur with stoves than with open fire-placee, is mainly that 
the former raise the air in the room to a higher temperature than 
the latter, the defect of air-temperature being in the latter case com- 
pensated by the intensity of the dii-eet radiation from the glowing 
fuel 

Fire-clay, from ita low conducting power, is very serviceable both 
for the backs of fire-placea and for the lining of stoves. In the former 
situation it prevents the wasteful 
escape of heat backwards into the 
chimney, and keeps the back of the 
fire nearly as hot as the centre. As 
a lining to stoves, it impedes the 
lateral escape of beat, thus answer^ 
ing the double puipose of prevent- 
ing the sides of the stove from over- 
heating, and at the same time of 
keeping up the temperature of th© 
fire, and Uiereby promoting com- 
l>lete combustion. Ita use must, 
however, be confined to that por- 
tion of the stove which serves as 
the fire-box, as it would otherwise 
prevent the heat from being given 
out to the apartment. 

Tlie stove represented in Fig. 222' 
belongs to the class of what ar© 
culled in France calorifkres, and in 
^ iMigfand ventilating stoves, being 

constructed with a view to promot- 
ing the circulation and renewal of 
the air of the apartment. G is the fire-box, over which is the feeder 
U, containing unburned fuel, and tightly closed at top by a lid, which 
is removed only when freah fuel is to be introduced. The ash-pan 
F has ft door pierced with holes for admitting air to support com- 

' With the exception of tho ventilating ttrrangement, this stove is identical with whot ia 
knovn in tbii oountiy u Walker'i Betf-feeding stove. 
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bustion. The flame and smoke issue at th6 edge of the fire-box, and 
after circulating round the chamber O which surrounds the feeder, 
enter the pipe T which leads to the chimney. The chamber O is 
surrounded by another inclosure L, through which fresh air passes, 
entering below at A, and escaping into the room through perforations 
in the upper part of the stove as indicated by the arrowa The 
amount of fresh air thus admitted can be regulated by the throttle- 
valve P. 
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225. Fosion. — Many solid bodies, \vhen raised to a sufficiently high 
temperature, become liquid. This change of state is called melting 
or fusion, and the temperature at which it occurs (called the melting- 
point, or temperature of fusion) is constant for each substance, with 
the exception of the variations — ^which in ordinary circumstances are 
insignificant — due to differences of pressure (§ 237). The melting- 
points of several substances are given in the following table : — 

Table of Melting- Points, in Degrees Centigrade. 



Mercury, -39 

Ice, 

Butter, 83 

Lard, 33 

Spermaceti, 49 

Stearine, 55 

YeUow Wax, 62 

White Wax, 68 

Stearic Acid, 70 

Phosphorus, 4i 

Potassium, 63 

Sodium, .... 95 

Iodine 107 

Sulphur, 110 



Tin, 230 

Bismuth, 562 

Lead, 820 

Zinc, 360 

Antimony, 432 

Bronze, 900 

Pure Silver, 1000 

Copper, 1150 

Coined Gold, 1180 

Pure Gold, 1250 

Cast Iron, 1050 to 1250 

Steel, 1300 to 1400 

Wrought Iron, . . . . 1500 to 1600 
Platinum, 2000 



Some bodies, such as charcoal, have hitherto resisted all attempts 
to reduce them to the liquid state ; but this is to be attribut/ed only 
to the insufficiency of the means which we are able to employ. 

It is probable that, by proper variations of temperature and pres- 
sure, all simple substances, and all compound substances which would 
not be decomposed, could be compelled to assume the three forms, 
solid, liquid, and gaseous. 

The passage from the solid to the liquid state is generally abrupt; 
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but this is not always the case. Glass, for instance, before reaching 
a state of perfect liquefaction, passes througli a series of intermediate 
stages in which it is of a viscous consistency, and can be easily drawn 
out into exceedingly fine threads, or moulded into different shapes. 

226. Constant Temperature duriag Fusion. — During the entire time 
of fusion the temperature remains constant. Thus if a vessel con- 
taining ice be placed on the fire, the ice will melt more quickly as 
the firo is hotter ; but if the mixture of ice and water be constantly 
stirred, a thermometer placed in it will indicate the temperature 
zero without variation so long as any ice re- 
mains unmelted; it is only after all the ice 
has become liquid that a rise of temperature 
will be observed. 

In the same way, if sulphur be heated in a 
glass vessel, the temperature indicated by a 
thermometer placed in the vessel will rise grad- 
ually until it reaches about 110°, when a por- 
tion of the sulphur will he seen to become 
liquid, and if the vessel he shaken during the 
time of fusion, until the whole of the sulphur 
is liquefied, the temperature will be observed 
to remain steadily at thi.'j point. 

327. Latent Heat of Fusion. — This i 
stancy of temperatnre is very remarkable, 
and leads to some important conclusions. In fact, as the action 
of the fire continues the same throughout the entire time of fusion, 
while the thermometer remains Btationary, all the heat supplied 
after liquefaction has begun, apjiears to be lost. Hence we con- 
clude, that in order that a body may pass from the solid to the 
liquid stiite, it must absorb a certain quantity of heat which produces 
no thcrmometric effect. Black, who was the firat to investigate this 
subject, gave to the heat thus absorbed the name of latent heat, by 
which it is stiil usually designated. A similar absorption of heat 
without thcrmometric effect occurs when a boiling liquid is converted 
into vapour. Hence it is necessary to distinguish between the latent 
heat of fumon and the latent heat of vaporization} Latent heat 
then may be defined as the heat absorbed in virtue of change of 

' The former ii often raJIod the latent heat of tho liqiiiil, and the latter at the vapour. 
IiUB we spuak of the latent heat oE wator (which becomea latent in the melting of ioe], 
-' tent heat of steam (which becomaa latent in the vaponiation of water). 
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state from solid to liqiiid, or from liquid to gaseous. Modern philo- 
sophy teaches that the processes of fusion and vaporization involve 
the performance of work by heat in opposition to molecular force, and 
that an amount of heat disappears (or becomes latent) TvLich is the 
exact equivalent of the work performed. 

328. Heat of Puaion of Ice. — The latent heat of fusion is different 
for different substances. Its amount for ice (commonly called the 
latent heat of water) can be approximately determined by the foUow- 
ing experiment, which is due to Black, wlio was the first to make 
accurate observations on this subject. 

Take a pound of ice at 0° C. and a pound of water at 79° C. ; let 
the water be poured over the ice, and the mixture rapidly stirred. 
The ice will melt, und two pounds of water at 0° will be obtained. 
This interesting experiment sliows that all the heat necessary to raise 
a pound of water from 0' to 79° has been absorbed in melting a pound 
of ice; and it is thus directly proved that the heat required to melt a 
pound of ice is exactly the same as that required to raise the tem- 
perature of a pound of water from 0° to 79°. 

The name unit of heat is given to the amount of heat necessary 
to raise unit mass of water one degree. It will be different according 
to the unit of mass and scale of temperature adopted, Tlie pound- 
centigrade unit is the heat required to raise a pound of water through 
one degree Centigrade, and we see from above tliat 79 of these units 
are required for the melting of a pound of ice.' 

On comparing tlie heat of fusion of ice with tliat of some other 
bodies ns given in the tabic § 34-8. it will be seen that its amount is 
notably greater for ice than for any of the otlier substances. Ice is 
in this sense the most difficult to melt, and water the most difiicult 
to freeze of all substances, a fact which is of immense importance in 
the economy of nature, as tending to retard the jjrocesses both of 
freezing and thawing. Even as it is, the effects of a sudden thaw are 1 
often very disastrous, and yet, for every pound of ice melted, a,? much ] 
heat ia required as would raise the water produced through 79° C, ] 
or 142° F. I 

229. Solution. — Thereduction of abodyfrom theeolid to theliquid I 
state may be effected by other means than by the direct action of | 
heat; it may be produced by the action of a liquid. This is what ' 
occurs when, for instance, a grain of salt or of sugar is placed in 

' Ths ctatementa in thU paragnph, inclndmg the definition of a unit of heat, are only 
■pproximate. The lubject will be resumed in G3»p, xxxi. 
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water; the bmly is said to melt or dissolve in the water. Solution, 
like fusion, is accompanied by the disappearance of Iieat consequent 
on ttie change from the solid to the liquid stata For example, when 
nitrate of ammonia is rapidly dissolved in water, a fall of from 20° 
to 25° Cent is observed. 

Unlike fusion, it is attaehed to no definite temperature, but occurs 
with more or less freedom over a wide range. Rise of temperature 
usually favours it; but there are some strongly marked exceptions. 

830. Freezing Mixtares, — The absorption of heat which accom- 
panies the liquefaction of solids is the basis of the action of freezing 
mixtuiea In all such mixtures there is at least one solid ingredient 
which, by the action of the rest, is reduced to the liquid state, thus 
occa.tioning a fall of temperature proportional to the latent heat of 
its liquefaction. 

The mixture most commonly employed in the laboratory is one of 
snow and salt, in the proportion of two parts of the former to one of 
the latter. This mixture assumes a temperature of about —1S°C.(0°F.), 
and furnished Fahrenheit with the zei'o of his scale. In this instance 
there is a double absorption of heat caused by the simultaneous melt- 
ing of the snow and dissolving of the salt 

We may obtain a freezing mixtui-e without the use of snow or ice. 
Such mixtur&s are often employed for the artificial freezing of water. 
Various kinds of appamtus have been invented for this purpose, one 
of which is shown in Fig. 22i. It consists of a metal cylinder, con- 




taining lli.; ItVLiiiij^ ii.i.^LL.it i_;._,:.;iL.....!"i.L „■.,■, mid sulphate of soda). 
In the cylinder is placed a mould formed of two concentric vessels 
with the water between them, an arrangement which has the advan- 
tage of increasing the surface of contact The whole is set upon a 
cradle, the rocking of which greatly aaf " operation. We sub- 
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join a table of the most important freezing mixtures, with the pro- j 
portions corresponding to the maximum effect. These proportions | 
are evidently of importance, since the amount of heat absorbed in a 
given time depends upon the quantity of solid matter that is reduced I 
to the liquid state during that time. There may also be chemical | 
action between tLe materials of which the mixture is comjmsed. This 
is always attended with genera,tion of heat, so that in this case the i 
actual result depends upon the difference of two opposite effects. 1 
Thus the mixture of four part-,s of sulphuric acid with one of ice I 
causes a rise of temperature of about 50° or 00°, while four parts of ( 
ice and one of sulphuric acid produce a cold of from —1 5° to —20° C | 

TABLE. 

Proportiobi Full of TdiDpflmtuTa ' 

\^ VTsight. iu Csiittgndii duKras. 

Snow or Powdered Ice 2j £„„o'to-2r. 

Baj-iale, it J 

Sno". 3' from 0' to -48°. I 

CijstaUized Chloride of Colciitm. . . ■ t > I 

Nilnite of Ammonio, 1 [ , +10'' to l" I 

Water, it ""'" I 

Sol-unuioiiiac fi \ I 

Kitral* of Pot»h, 6f f„„ + jo' t« - lfl«. I 

Sulphate of Suda, 8 1 I 

Water, IG ' 1 

I*""",-'.*-"?, ?1 !r„+10-„-ir. I 

Hydroetilunc Acid, ) ■ 

281. Bolidiflcation or Congelation, — Congelation is the inverse of I 

fusion; that is to say, it is the passage of a substance from the liquid 
to the solid state. The faculty of undergoing this transformation 
may be regai'ded as common to all liquids, although some, for example, 1 
alcohol and bisulphide of carbon, have never yet been solidified. 

The temperature of fusion ia the highest temperature at which I 
congelation can occur, and is frequently called the temperature of 1 
congelation (or the freezing-point); but it is possible to preserve ] 
substances in the liquid state at lower temperatures. Liquids thus 1 
cooled below their so-called freezing-points have, however, if we may j 
so say, a tendency to freeze, wldch is only kept in check by the diffi,- I 
cuUy of making a commencement. If freezing once begins, or if ' 
ever so small a piece of the same smbatance in the frozen state be 
allowed to come in contact with the liquid, congelation will quickly 
extend until there is none of the liquid left at a tcmjierature below i 
that of fusion. The condition of a liquid cooled below its {reeziD^ 
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point has been aptly compared to that of a row of bricks set on end 
in such a manner that if the first be overturned, it will cause all the 
rest to fall, each one overturning its successor. 

The contact of its own solid infallibly produces congelation in a 
liquid in this condition, and the same effect may often l>e produced 
by the contact of some other solid, especially of a crystal, or by giving 
a slight jar to the containing vessel. 

Deapretz has cooled water to —20° C. in fine capillary tubes, with- 
out freezing, and Dufour has obtained a similar result by suspending 
globules of water in a liquid of the same specific gravity with which 
it would not mix. 

S32. Heat set free in Congelation. — At the moment when congela- 
tion takes place, the thermometer immediately rises to the tempera^ 
ture of the melting-point This may be easily shown by experiment 
A small glass vessel is taken, containing water, in which a mercurial 
thermometer is plunged. By means of a frigorific mixture the tem- 
perature is easily lowered to — J 0° or — 1 2°, without the water freez- 
ing; a slight shock is then given to the glass, congelation takes place, 
and the mercury rises to 0°. 

The heat thus produced is the equivalent of the work done by the 
molecular forces of the body in the passage from the liquid to the 
solid state. The quantity of heat thus arising is evidently the same 
as that which disappears in fusion, since they are the equivalents of 
the same amount of work performed in opposite directions. The 
production of this heat may be experimentally shown in another way. 
If we heat a quantity of lead to ita melting-point (320°), and when 
the metal is just beginning to melt, plunge it into water, a certain 
rise of temperature will be observed. If we repeat the same experi- 
ment, allowing the lead time to melt completely, the temperature 
being still 320°, a much more considerable increase in the temperature 
of the water will be produced, the reason being that the lead in 
solidifying in contact with the water gives out its latent heat 

238. CryBtallization. — When the passage from the liquid to the 
solid state is a gradual one, it frequently happens that the molecules 
group themselves in such a manner as to present regular geometric 
forms. This process is called crystallization, and the regular bodies 
thus formed are called crystals. The particular crystalline form 
assumed depends upon the substance, and often affords a means of 
recognizing it The forms, therefore, in which bo<lies crystallize 
oj^ BnnrtQg tdeir most important characteristics, and are to some 
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ext«Dt analogous to the shapes of ivnimals and plants in tbe orguuQ II 
world 

In order to make a body crystallize in snlidlfying, the following 
method is employeiL Suppose the given liody to be bismutli ; the 
firat step is to melt it, and then leave it to itself for a time: The 
metaJ naturally begins to solidify first at the surface and at the sides, 
where it is most directly exposed to cooling influences from without; 
accordingly, when the outer layer of the metal is solidified, the in- 
terior is still in the liquid state. If the iipjier crust be now removed, 
and the liquid bismuth poured off, the sides of the vessel will be seen 
to l>e covered with a number of beautiful crj-stals. 

If the metal were allowed to stand too long, the entire mass would i 
become solid, the ditterent crystals would unit«, and no r^ularity of fl 
structure would be observable. Tliis is the ca.se with a great numb^l 
of solids; ice is one very reniarbable instance. 

234. riowera of Ice, — The tendency of ice to assume a crystalline 
fonu is seen in the fern-leaf patterns M-liich appear on the windows 
in winter, caused by the congealing of moisture on them, and still 
more distinctly in the symmetrical forms of snow-flakes fsee Chap, 
sxviii.) In a block of ice, however, this crystalline structure does 
not show itself, owing to the closeness with which the crystals fit into 
each other, so that a mass of this substance appears almost completely 
aviorphoua. Tyndall, however, in a very interesting experiment, 
has succeeded in gradually dccrystallisiiiQ ice, if we may i 



expression, and tlum e.\hihitiii),' the crystalline elements of which it J 
is comjiosed. The experiment consists in causing a pencil of solar I 
mys to fall perpendicular to the surfaces of congelation on a sheet of I 
ice, such as is naturally formed U|M)n the surface of water in winter.l 
A lens pUced behiml the ioc (Fig. 225) serves to project upon a scr 




the imago of what is found in tlie interior of the block. The succes- 
sive appearanoea observed upon the screen are shown in Fig. 226. 
A small luminous circle is fit-sb Bcon, from which branch out rays, 
resemhling the petals of a flower whose pistil is the circle. Frequent 
changes also occur 
in the shape of 
the branches them- 
selves, which are 
often cut so as 
to resemble fern- 
leaves, like those 
eeen upon the win- 
dows during frost 
In tliis experiment 
the solar heat, in- 
stead of uniformly 
melting the moss 
of ice, which it 
would certainly do 
if the mass were 
amorphous, acts 
successively upon 
the different crys- 
tals of wliicb it is 
built up, affecting 
them in the re- 
verse order of their 
formation. There 
are thus produced 
a n umber of spaces 
of regular shape, 
containing water, 
and producing 
comparatively 
dark images upon 

the screen. In the centre of each there is generally a bright spot, 
which corresponds to an empty apace, depending on the fact that 
the water occupies a smaller volume than the ice from which it has 
been produced. 

235. Supeisatnration. — The proportion of solid matter which a liquid 
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can liotd in solution varies according to the temperature ; as a general 
rule, tlioiigh not by any meana in all casea, it increases as the tern- i 
perature risca Hence it follows, that if a saturated solution be left > 
to itself, the effect of evaporation or cooling will be gradually to dim- 
inish the quantity of matter which can be held in solution. A portion 
of the dissolved substance will accordingly pass into the solid state, 
assuming genemlly a crystalline form. Tlii.s is an exceedingly com- 
mon method of obtaining crystals, and is known as the humid way. 
In connection with this process a phenomenon occurs which is 
precisely analogous to tlie cooling of a liquid below its freezing-point. 
It may be exemplified by the following experiment. 

A tube drawn out at one end (Fig. 227) ia filled with a warm con- I 
eentrated eolution of sulphate of soda. The solution is boiled, and 1 
^- while ebullition is 
proceeding freely, the 
tube is hermetically i 
sealed ; by this means I 
the tube ia exhausted 
of air. The solution l 
when left to itself | 
couls without the sol- 
id being precipitated, 
although the liquid is 
supersaturated. But i 
if the end of the tube I 
be broken off, and the 
I ' ^y wa "■'' 'I'low'^d to enter, 

C crystallization imme- | 
diately commences at j 
the surface, and 
quickly propj^ted 
■" through the whole 

length of the tube; 
at the same time, as we should expect, a considerable rise of tem- 
{)erature is observed. If the phenomenon does not at once occur 
on the admission of the air, it can he produced with certainty by 
throwing a small piere of the solid sulphate into thy Holution, 

236. Change of Volume at the Homent of Congelation. Expansive 
Force of lee. — In passing from the liquid to the solid state, bodies 
generally undergo a diminution of volume ; there are, however. 
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eiceptions, such as ice, bismiitli, silver, and cast-iron. It is this pro-' 
perfcy which renders this latter substance bo well adapted for the 
purposes of moulding, as it enables the metal to penetrate completely 
into every part of tlie mould. The expansion of ice is considerable, 
amounting to about jVi i** jiroduction is attended by enormous 
meclianicitl force, just as in the analc^us case of expansion by beat. 
Its effect in bursting water-pipes is well known. Tiie following 
experiment illustrates this expansive force. A tube of forged iron 
(Fig. 228) is filled with water, and tightly closed by a screw-stopper. 



The tube is then surrounded with a freezing mixture of snow and 
salt. After some time the water congeals, a loud report is often 
heard, and the tube is found to be rent. 

The following experiment, performed by Major Williams at Quebec, 
IB still more striking. He filled a 12-incb shell with water and closed 




it with a wooden stopper, driven in with a mallet The shell was 
then exposed to the air, the temperature lieing —28° C. (—18° F.) 
The water fioze, and the bung was projected to a distance of more 
than 100 yards, while a cylinder of ice of about 8 inches in length 
was protruded from the hole. In another experiment the shell split 
in halves, and a sliect of ice issued from the rent (Fig. 220). 

It is ttie expansion and consequent lightness of ice which enables 
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it to float upoQ the surface of water, and thus afford a protection to 
animal life below. 

237. Effect of Presenra oa the Uelting-point. — Professor Jamea 
Thomson was led by theoretical coQsideiivtions to the conclusion that, 
ia the case of a substance which, like water, expands in solidifying, 
the freezing (or melting) point must of necessity be loweied by pres- 
sure, and that a mixture of ice. and ice-cold water would fall in 
temperature on the application of pressure; Hia reasoning^ consisted 
in showing that it would otherwise be possible (theoretically at least) 
to construct a machine which should be a perpetual source of work 
without supply; thai is, what is commonly called a perpetual motion. 
The matter was shortly afterwards put to the test of experitiienb 
by Professor (now Sir) W. Thomson, who compressed, in an lEi-stcd'a 
piezometer, a mixture of ice and water, in which was inserted a very 
delicate thermometer protected from pressure in the same manner 
as the instrument represented in Fig. 1 94i c (§1 S9). The thermometer 
showed a regular fall of temiwrature as pressure was ajiplied, followed 
by a return to 0° C. on removing the pressure. Pressures of 8'1 and 
16-8 atmospheres {in excess of atmospheric pressure) lowered the 
freezing-point by '106 and -232 of a degree Fahr. respectively as in- 
dicated by the thermometer, results which agree almost exactly with 
Prof. J. Thomson's prediction of '0075 of a degree Cent., or DISS of 
a degree Fahr. per atmosphere. 

Mousson baa since succeeded in reducing the melting-point several 

degrees by means of enormtjus pressure. He employed two forms of 

appai-atus, by tlie first of which he melted ice at the tempemture 

of —5° C, and kept the water thus produced for a 

considerable time at this temperature. This apparatus 

had windows (consisting of blocks of glass) in its sides, 

through which the melting of the ice was seen. His 

second form of apparatus, which bore a general resem- 

' ' II ' I blance to the fii-st, is represented in the annexed figure. 

*^^jMf— ^ It consisted of a steel prism with a cylindrical bore, 

having one of its extremities closed by a conical 

stopper strongly screwed in, the rest of the bore being 

travvrsed by a screw-piston of' steel The ap|)aratus 

d nearly filled with water recently boiled, into which 

r WM dropped, to serve as an index. The apparatus, 

MM^, Edinhargh. Jonaary, 181Q. — Camlrid'jc and OuMiH 
■.ISSO. 
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still remaining iii tlie inverted position, was surrounded by a freezing 
mixture, by means of which the water was reduced to ice at the tem- 
pernture of —18° C. Tbe stopper was then screwed into its place, 
and the apparatus placed in the erect position. The piston wastlien 
screwed down upon tlie ice with great force, the pressure exerted 
being estimated in some of tlie experiments at several thousand 
atmospheres. The pressure was then relaxed, and, on removing the 
stopper, the copper index was found to have foUen to the bottom of 
the bore, showing that the ice had been lif|uefied. 

Experiments conducted by Bunseu and Hopkins bave shown that 
wax, spermaceti, sulphur, stearin, and paraffin — substances which, 
unlike ice, expand in melting — have their melting points raiwd by 
pressure, a result which had been predicted by Professor W. 
Thomson. 

S37a. Effect of Stress in ireneral npcn Melting and Solution, — 
In the experiments above described, the pressure applied was hydi-o- 
statical, and was therefore equal in all directions. But a solid may be 
exposed to pressure in one direction only, or to pull in one or more 
directions, or it may be subjected to shearing, twisting, or bending 
forces, all these being included under the general name of stt-ess. 

Reasoning, based on tlie general laws of energy, leads to the con- 
clusion that stress of any kind other than hydrostatic, applied to a 
solid, must lower its melting-point. To quote Professor J. Thomson 
(/'roc.ifoy. Soo, Dec. 18GI), "Any stresses whatever, tending to change 
the form of a piece of ice in ice-cold water, must impart to the ice a 
tendency to melt away, and to give out its cold, which will tend to 
generate, from the surrounding water, an equivalent quantity of ice 
free from the applied stresses," and "stresses tending to change the 
form of any crystals in the saturated solutions fi-om which tliey have 
been crystallized must give them a tendency to dissolve away, and to 
generate, in substitution for themselves, other crystals free from the 
applied stresses or any equivalent stresses."' This conclusion he ver- 
ified by experiments on crystals of common salt He at the same 
time suggested, as an important subject for investigation, the effect 

' Profeaaor Thomgnn draws these inlerence* from the following priDciple, which he 
uaumea (we think justly) as a physical axiiini:~If any lubsCance or ayslesa lA subuMni.'ei 
be in B eondition in which it u free to chiuiga ile atata [an ice, [or ciunple, in cnutact 
with water at 0* C, ia free to meltj. and if niecluuuiad work be applied to it aa pntenUal 
energy in audi a w»y tbat the occurrence of the change of atata will moke it lo«e that 
mechanical work froin the oondiUon of potential energy, without receiving other poteutttl 
energy aa an equivalentj tkta tkt tuhitancc or rytlem will pau iulo tit changed Ual*. 
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of hydrostjitic pressure oa tLe crystallization of solutions, a subject 
which was afterwards taken up experimentally by Sorby, who 
obtained effects analogous to those above indicated as occuning in 
connection with the melting of ice and wax, 

238. Bepelation of Ice. — Faraday in I80O called attention to the 
fact that pieces of moist ice placed in contact with one another will 
freezb together even in a warm atmosphei-e. Tliis phenomenon, to 
which Tyndall has given the name of i^gelalion, admits of ready ex- 
planation by the principles just enunciated. Capillary action at the 
boundaries of the film ot" water which connects the pieces placed in con- 
tact, produces an effect equivalent to attraction between them, just as 
two plates of clean glass with a film of water between them seem to 
adhere. Ice being wetted by water, the boundary of the connecting 
film is concave, and this concavity implies a diminution of pressure 
in the interior. The film, therefore, exerts upon the ice a pressure 
less than atmospheric; and as the remote sides of the blocks are ex- 
posed to atmospheric pressure, there is a resultant force urging them 
together and producing stress at the small surface of contact. Melt- 
ing of the ice therefore occurs at the places of contact, and the cold 
thus evolved freezes the adjacent portions of the water film, which, 
being at less than atmospheric pressure, will begin to freeze at a 
■ature a little above the ordinary freezing-point 
■ Hoards the amount of the force urging the pieces together, if two 
3 of ice be supported with their faces vertical, and if they 
r a film from whose lower edge water trickles away, 
tic pressure at any point within this film is less than 
! by an amount represented, in weiglit of water, by the 
\ tt this point above the pait from which water trickles, 
ly, we suppose the film circular, the plates will be 
r with a force equal to the weight of a cylinder of 
• fewe is the film and whose height is the radiua 

I Plutioity of Ice. Uotion of Glaciers.^A glacier 
i in general terms as a mass of ice deriving its 
t snows, and extending from the snow-fields 
y lU tbw BKiuntaiu sides to the valleys beneath. 

■ty*mitions on the movements of glaciers were 

■ ttUtf Professor (afterwards Principal) J. D. 

.1 tbtf fuel that glaciers descend along their 

I'dA'UibJiiig that of a pailful of mortar poured 

tb» MtiltiLCd moving faster than the bottom 
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and the centre faster than the sides. He summed up his view by 
saying, " A glacier is an imperfect fluid, or a viscous body which is 
urged down slopes of a certain inclination by the mutual pressure of 
its parts." 

Tliis apparent viscosity is explained by the principles of § 237a. 
Accoi'ding to these principles the ice should melt away at the places 
where stress is most severe, an equivalent quantity of ice being 
formed elsewhere. The ice would thus gradually yield to the ap- 
plied forces, and might be moulded into new forms, without undergoing 
rupture. Breaches of continuity might he produced in places where 
the stre'is consisted mainly of a pull, for tlie pull would lower the 
freezing-point, and thus indirectly as well as directl}' tend to produce 
ruptures, in the form of fissures transvei-ae to the direction of most 
intense pull. The effect of violent compression in any direction would, 
on the other liand, be, not to crack the ice, but to melt a portion of 
its interior sufficient to relieve the pressure in the particular part 
atlected, and to transfer the excess of material to neighbouring parts, 
which must in their turn give way in the same gradual manner. 

In connection with this explanation it is to be observed that the 
temperature of a glacier is always about 0°C., and that its structure 
is eminently porous and penneated with ice-cold water. These are 
conditions eminently favourable (the former, but not the latter, being 
essential) to the production of changes of form depending on the 
lowering of the melting-point by stressea 

This explanation is due to Professor J. Thomson' (Britisk Aeaocia- 
tion Report, 1857). Professor Tyndall bad previously attempted to 
account for the phenomena of glacier motion by supposing that the 
ice is fractured by the forces to which it is subjected, and that the 
broken pieces, after being pushed into their new positions, are united 
by regeiation. In support of this view he performed several very 
interesting and novel experiments on the moulding of ice by pres- 
sure, such as striking medals of ice with a die. and producing a clear 
transparent cake of ice by powerfully compressing broken pieces in 
a boxwood mould (Fig. 231). 

Interesting experiments on the plasticity of ice may he performed 
by filling an iron shell with water and placing it in a freezing mix- 

' If iC should be objeoted that the lowering of the meltitig- point b; strew ii too ioaigniG- 
mnt to iinxluBD the vut eSecU liure attributed to it, the answer is that, when ice ftnd 
water are iiroiant together, the slightest diffareDce \a Bufflcient to deteimine which portion 
of the wBler shall fruen, or which portion of the ine shall melt. In default oE a luore 
powecf 111 cause, those portions of ice which ue most itreaaed will melt fint. 
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tare, leaving the aperture open. Aa the water freezes, a cylinder 
of ice will be gradually protruded. This expenment is due to Mr. 
OtrisUe Professor Forbea obtained a similar result by using a very 




» gla^ jar; and by smearing the interior, just below the neck, 
-vitb colourin" matter, he demonstrated that the external layer of 
n «lucb was first fonned. slid along the glass as the freezing pro- 
1,1,^,1 until it was at Itngth protruded beyond the month. 

1m the experiments of Major Williams, described in § 23G, it is pro- 
Wfe that much of the water reraaiiied unfrozen until its pressure 
^idMnd by the bursting of the sbella 
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S40, Transformation into the Btate of Vaponr. — The mnjority of 
liquids, when lell to themselves in contact with the atmosphere 
gradually pass into the state of vapour and disappear. This pheno- 
menon occurs much more lupidly with some liquids than with others, 
and those which evaporate most readily are said to be the most 
volatile. Thus, if a drop of ether be let fall upon any substance, it 
diaappeai's almost instantaneously; alcohol also evaporates very 
quickly, but water requires a much longer time for a similar trans- 
formation. The change la in all cases accelerated by an increase of 
temperature ; in fact, when we dry a body before the fire, we are 
simply avaihng ourselves of this property of heat to hasten tte 
evaporation of the moisture of the body. Evapoiation may also 
take place from solid-s. Thus camphor, iodine, and several other 
substances pass directly from the solid to the gaseous state, and we 
shall see hereafter that the vapour of ice can be detected at tem- 
peratures far below the freezing-point. 

Evaporation, unlike fusion, occurs over a very wide range of tem- 
jierature. There appears, however, to be a temperature for each 
Bubstauce, below which evaporation, if it exist at all, cannot be 
detected. This is the case with mercury at 0" C, and with sulphuric 
acid at ordinary atmospheric temperatures. 

241. Vapour, Oas. — The words gaa and vapour have no essential 
difference of meivning, A vapour is the gas into which a liquid is 
changetl by evnpoi-ation. Every gas is probably the vapour of a 
certain liquid. The word vapour is especially applied to the gaseous 
condition of bodies which are usuaJly met with in the hquid or solid 
state, as water, sulphur, fcc; while the word gas genei-ally denotes a 
body which, under ordinary conditions, is never found in any state 
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taken to expel any bubbles of air wliicb may have remained ad- 
lienng to the mercury. The tube is then inverted in the deep bowl 
MN, when tlie ether ascends to tlie surface of tlie mercury, is there 
coQvei-ted into vapour, and produces a sensible depression of the 
mercurial column. If the quantity of ether 
be BufBciently small, and if the tube be 
kept sufEcJently high, no liquid will be 
perceived in the space above the mercury ; 
1 1 this space, in fact, is not saturated. The 

^^^^H ,y tension of the vapour which occupies it is 

^^^^H I given by the difference between the height 

^^^^V I of the oolumn in the tube and of a baro- 

^^^^^ I meter placed beaide it If the tube be 

W I gradually lowered, this difference will at 

L J first be seen to increase, that is, the tension 

^^^^1 I^^V^ ^^ ^^^ vapour of ether increases; but if 

^^^^B >j^K\ ^^ continue the process, a portion of liquid 

^^^^F ■ ether will be observed to collect above the 

^^^^ I mercury, and al^r this, if we lower the 

I I tube any further, the height of the mer- 

I I cury in it remains invariable. The only 

I "~" "l effect is to increase the quantity of liquid 

I I deposited from the vapour.' 

I I 243. Influence of Temperature on the 

I I Haximum Tension. — Retuniing now to 

B I the apparatus represented in Fig. 232, sup- 

r [ . V .^ |">se that some of the liquid remains un- 

'v^q.orated in the bottom of the globe, and 
lit ihe globe be subjected to an increase 
(if temperature. An increase of elastic 
force will at once be indicated by the man- 
ometer, while tiie quatitity of liquid will 
be diminished. Tiie maximum tension of 
^ VMVur. tttMvlore, and also its maximum density, increase u'itb the 
imv; wwl consequently, in order to saturate a given space, 
ly <>f YWpour is required which increases with the tempera- 
l>t » swl'Wtiuent chapter we shall give the results of experi- 

I ff|iU4)]i mmU^ Uh«* itjn be a slight aJditiimnl depresBian of tlie menmriil colmtm 
4M te ^ Wl^ it tl* Hqwd timi depoaitoit on iU nummit ; but thia elfect will 
haMUMMlk wWto WMKMOutue* nuch more space thui the liquid wMch ityi^ld*. 
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menU on the maximum teasion of aqueous vapour at different tern- 
peraturea. and it will be seen that tlie increase is exceedingly rapid. 
Fig. 234 is a graphical representation of the rate at which tlie 
maximum density of a vapour increases with tlie temperature. 
Lengths are laid off on the base-line AB, to represent temperatures 
from —20" to +35° C, and ordinates are erected at every fifth de- 
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gree, proportional to the weights of vapour required to saturate the 
same space at different temperatures. The curve CD, drawn through 
the extremities of these ordinatea, is tlie curve of vapour- density as 
a function of temperature. The figures on the right hand indicate 
the number of grammes of vapour requii-ed to saturate a cubic metre. 

244. Mixture of Oas and Y&poar. — The experiments with the 
apparatus of Fig. 232 may be rejieated after filling the globe with 
dry air, or any other dry gas, and the Ksntts finally obtained will 
be the same as with the exhausted globe. If, as before, we introduce 
successive small quantities of a liquid, it will be converted into vapour. 
and the pressure will go on increiising till saturation is attained; the 
elastic force of vapour will then be found to he exactly the same as 
in the case of the vacuous globe, and the quantity of liquid eva- 
porated will also be the same. 

There is, however, one important difference. In the vacuum the 
complete evaporation of the liquid is almost instantaneous; in a gas, 
on the other hand, the evapoi-ation and consequent increase of pres- 
sure proceed with comparative slowness; and the difference between 
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the two caaes is more marked io proporUoa as the pressu 
gas ia greater. 

We may lay down, then, the two following laws for the mixture 
of a vapour with a gas : — 

1. The weight of vapour which wilt enter a given apace is the 
same ivliether this apace be empty or filled with gas, provided plenty 
of time be allowed. 

2. When a gas is saturated with vapour, the actual tension of the 
mixhtre is the sum of the teTisions due to the gas and vapour acpa- 
rately; that is to say, it is equal to the pi-easure which the gas would 
exert if it alone occupied the whole apace, plus the maximum, ten- 
sion of vapour for the temperature of the mixture. 

This second law evidently comes under the general rule for deter- 
miDiDg the pressure of a mixture of gases (§ 1 27); and the same rule 
applies to a mixture of gas and vapour when the quantity of the 
latter ffdla short of saturation. Each element in a mixture of gases 
and va]ioura exerts the same pressure on the walk of the containing 
vcawl as it would exert if the other elements were removed. 

It is doubtful, however, whether these laws are rigorously true. 
It wiiiiM rather appear from some of Regnault's experiments, that 
tlio i]Uiiiitity of vapour taken up in a given space is slightly, though 
nlmoHt insensibly, diminished, as the density of the gas which oe- 
<]UpieH the space is increased. 

940. Llqaehction of Gaaee. — When vapour exists in the state of 
■nturution. any diminution in the volume must, if the temperature 
]■ [irtmerved constant, involve the liquefaction of as much of the 
vapour lis would occupy the ditference of volumes; and the vapour 
which remains will still be at the original density and tension. A 
VM|MJUr existing by itself may therefore be completely liquefied by 
■uhJticlihK it to a pressure exceeding, by ever so slight an amount, 
(ho lUKximum tension corresponding to the temperature, provided 
Mint lliH eiintaiiiing vessel is prevented from rising in temperature. 

Auulii, if tt vapour at saturation be subjected to a fall of tem- 
pui'Hlui'i', wliilii iU volume remains unchanged, a portion of it must 
I'tt llqudlU'd porri'sponding to the difference between the density of 
KHtiitalliin at the higher and at the lower temperature. This opera- 
tUiit will oliviouily diminish the tension, since this will now be the 
uiflxliitiuu tnnNion corresponding to the lower instead of to the 
hiHlwr toiupcmtum 

'Hturu artt thoiisforo two distinct means of liquefying a vapour — 
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Pie. 3.13.— UqDBlicUon of Sulpbaniu Anid. 



" pressure, and lowering of temperature. They are em- 
ployed sometimes separately, and sometimes in conjunction. 

Fig. 235 representa the apparatus usually employed for obtaining 
sulphurous acid in the 
liquid state. The gas, 
which is generated in a 
gla.ss globe, passes first 
into a washing -bottle, 
then through a drying- 
tube, and finally into a 
tube surrounded with a 
freezing mixture of snow 
and salt. 

Pouillet's apparatus, de- 
scribed in § 120, serves to liquefy most gases by means of compression 

In order to ascertain the pressures at which liquefaction takes 
place, or, in other words, the maximum tensions of gases, one of the 
tubes in that apparatus is replaced by a shorter tube, containing 
atmospheric air, and serving as a manometer. 

By this means Pouillet has found that, at the temperature of 10°C., 
sulphurous acid is 
liquefied byapressure 
of 24 atmospheres, 
nitrous oxide by a 
pressure of 43, and 
carbonic acid by a 
pressure of 45 atmo- 
spheres. 

246. Faraday'B Ue- 
thod. — Faraday, who 
was the first to con- 
duct methodical ex- 
periments on the 
liquefaction of gases, 
employed, in the first 
instance, the simple 
apparatus represent- 
ed in Fig, 236. It 
consists of a very strong bent glass tube, one end of which contuDs 
ingredients which evolve the gas on the application of heat, while 
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tbe other is immeraed in a freezing mixture. The preasnre produced 
by the evolution of the gas in large quantity in a confined space, 
combines with the cold of the freezing mixture to produce liquefac- 
tion of the ga3, and the liquid accordingly collects in the cold end of | 
the tube. 

Thilorier, about the year 1834, invented the apparatus represented 
in Fig. 237, wliieli is based on this method of Fai'aday, and is ia- 
teoded for liquefying carbonic aeid gas. This operation requires the 
enormous pressure of about fifty atmospheres at ordinary tempera- 
tures. If a slight rise of temperature occur from the chemical actions 
attending the production of the gas, a pressure of 75 or 80 atmo- 
spheres may -not improbably be required. Hence gi'eat care is neces- 
sary in testing the strength of the metal employed in the construc- 
tion of the apparatus. It was formerly made of cast iron, and 




strengthened by wrought-iron hoops ; but the construction has ri 
been changed on account of a terrible explosion, which cost the lifft 1 
of one of the operatora. At present the vessels are formed of three ( 
parts ; the inner one of lead, the next e, which completely envelops I 
this, of copper, and finally, the hoops // of wrought iron fFig. 237), | 
which bind the whole together, The apparatus consists of two dia- 1 
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tinct reservoirg. In the generator G is placed bicarbonate of soda, 
and a vertical tube a, open at top, containing sulpliuric acid By 
imparting an oscillatory movement to tlie vessel about tlie two pivots 
which support it near the middle, the sulphuric acid is gradually 
spilt, and the carbonic acid is evolved, and becomes liquid in the 
interior. The generator is then connected with the condenser C by 
the tube t, and the stop-cocks R and R' are opened. As soon as the 
two vessels are in communication, the liquid carbonic acid passes into 
the condenser, which is at a lower temperature than the generator, 
and represents the cold branch of Faraday's apparatus. The gene- 
rator can then he disconnected and recharged, and thus several pints 
of liquid carbonic acid may be obtained. 

In tlie foregoing methods, the pressure which produces liquefaction 
is furnished by the evolution of the gas itself. 

In some other forms of apparatus the pressure is obtained by the 
use of one or more compression-pumps, which force the gas from the 
vessel in which it is generated into a second vessel, which is kept cool 
either by ice or a freezing mixtai-e. The apparatus of this kind 
which is most extensively used is that devised by Bianchi. It con- 
sists of a compression -pump driven by a ci-ank furnished with a fly- 
wheel, and turned by hand. 

Faraday, in his later experiments, employed two pumps, the first 
having a piston of an inch, and the second of only half an inch dia- 
meter. The first pump in the earlier stage of the operation forced 
the gas through the second into the receiver. In the later stage the 
second pump was also worked, so as to force the gas already con- 
densed to 10, 15, or 20 atmospheres into the receiver at a much 
higher pressure. The receiver wjia a tube of green bottle-glass, and 
was immersed in a very intense freezing mixture, consisting of solid 
carbonic acid and ether, the cooling effect being sometimes increased 
by exhausting the air and vapour from the vessel containing the 
freezing mixture, so as to promote more rapid evaporation. 

246a. Continuity of the Liquid and Oaseous States. — Remarkable 
results were obtained by Cagniard de la Tour^ by heating volatile 
liquids (alcohol, petroleum, and sulphuric ether) in closed tubes of 
great strength, and of capacity about double the volume of the 
inclosed liquid. At certain temperatures (3G°C. for alcohol, and 42° 
for ether) the liquid suddenly disappeared, becoming apparently con- 
verted into vapour. 
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Drion.' by similar experiments upon hydrochloric ether, hyponitric 
acid, and Hulpiiurous acid, nhowed — 

1. That the coefficients of apparent expansion of these liquids 
increoae rapidly witli the temperature. 

2. Tliat tliey become equal to the coefficient of expansion of air, 
at teinperaturea much lower than those at which total conversion 
into vapour occurs. 

3. That they may even become double and more than double the 
coefficient of expansion of air; for example, at 130°C. the coefficient 
of expansion of sulphurous acid was •009571. 

Thilorier had previously shown that the expansion of liquid car- 
bonic acid between the temperatures 0° and 30° C. is four times as 
great as that of air. 

Crion further observed, that when the temperature was raised 
very gradually to the point of total vaporization, the free surface lost 
its definition, and was replaced by a nebulous zone without definite 
tnlges and destitute of reflecting power. This zone increased in size 
both upwards and downwards, but at the same time became less 
Tisible, until the tube appeared completely empty. The same 
Appearances were reproduced in inverse order on gradually cooling 
tbfttubeL 

When the liquid was contained in a capillary tube, or when a 
wpiUary tube was partly immersed in it, the curvature of the meniscus 
Mbi Um capillary elevation decreased as the temperature rose, until 
tb Wogtli, just before the occurrence of total vaporization, the surface 
biMua* plAne, and the level was the same within as without the tube. 

t^ Andrews, by a series of elaborate experiments on carbonic 

•MttiX With the aid of an apparatus which permitted the pressure and 

Wui(MM»(uro to be altered independently of each other, has shown 

tbnl) ttb Wuiperatures above 31° C. this gas cannot be liquefied, but, 

ytiiittM *nt>}tK^^ to intense pressure, becomes reduced to a condition 

lU \Hhiult. ttiiHigh homogeneous, it is neither a liquid nor a gas. 

W'u t> ii tti n iMiidition, lowering of temperature under constant pres- 

■ V it to a liquid, and diminution of pressure at constant 

I reduce it to a gas; but in neither case can any breach 

'''■ dotected in the transition. 

^1(4 \.iiu -'thvc ttand, at temperatures below 31°, the substance 
-o(u|ilvlvt\* jpLwous until the pressure reaches a certain limit 
^o« ih« Iwnpcrature, and any pressure exceeding this limit 

> Ann. dt Chim. III. Iri. 





THE CRirrCAL TEMPERATITRE 



327 



causes llquefactioD to commence and to continue till tbe whole of the 
gas ia liquefied, the boundary between tlie liquefied and unliquefied 
portions being always sharply defiued. 

The temperature src. or more exactly 30'92°C. (87'7°F.), may 
therefore be called the critical temperature for carbonic acid; and it 
is probable that every other substance, whether usually occuiTing in 
the gaseous or in the liquid form, lias iti like manner its own critical 
temperature. Dr. Andrews found tliat uitroas oxide, hydrochloric 
acid, ammonia, sulphuric ether, and sulphuret of carbon, all exhibited 
critical ttimpcratures, which, in the case of some of these Bubstauces, 
were above lOOX. 

It is probable that, in the expertmenta of Cagniard de la Tour and 
Drion, the so-called total conversion into vapour was really conver- 
sion into the intermediate condition. 

The continuous conversion of a gas into a liquid may be effected 
by first compressing it at a temperature above its critical tempei'a- 
tm-e, until it is reduced to the volume which it will occupy when 
liquefied, and then cooling it below the critical point 

The continuous conversion of a liquid into a gas may bo obtained 
by first raising it above tlie criticnl temperature while kept under 
pressure sufficient to prevent ebullition, and afterwards allowing it 
to expand. 

When a substance is a little above its critical temperature, and 
occupies a volume which would, at a lower temperature, be com- 
patible with partial liquefaction, very great changes of volume are 
produced by very slight changes of pressure. 

On tlie other hand, when a substance is at a temperature a little 
below its critical point, and is partially liquefied, a slight increase of 
temperature leads to a gradual obliteration of the surface of demarca- 
tion between the liquid and the gas; and when the whole has thus 
been reduced to a homogeneous fluid, it can be made to exhibit an 
appearance of moving or flickering stria; throughout its entire mass 
by slightly lowering the temperature, or suddenly diminishing the 
pressure. 

The apparatus employed in these remarkable experiments, which 
are described in the Bakerian Lecture {Phil. Ttuna, 186!)), is shown 
in Fig. 237a, where c c are two capillary glass tubes of great strength, 
one of thera containing the carbonic acid or other gas to be experi- 
mented on, the other containing air to serve as a manometer. These 
arc connected with strong copper tubes dd, of larger diameter, con- 
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taining water, and comniunioating with each other through ab, the 
water being separated irom the gases by a column of mercury oc- 
cupying the lower portion of each 
capillary tube. The steel screws as 
are the instruments for applying 
pressure. By screwing either of 
them forward into the water, the 
contents of both tubes are com- 
pressed, and the only use of having 
two is to give a wider range of 
compression. A rectangular brass 
ease fnot shown in the figure), closed 
before and behind with plate-glass, 
surrounds each capiUaiy tube, and 
allows it to be maintaiued at any- 
required temperature by the flow 
of a stream of water. 

347. Latent Heat of Vaporization. 
Cold produced by Evaporation. — The 
passage from the litjtiid to the gas- 
eous state is accompanied by tlie 
disappearance of a large quantity of 
heat. Whenever a liquid evaporates without the application of heat, 
a depression of temperature occurs. Thus, 
for instance, if any portion of the skin be 
kept moist with alcoliol or ether, a decided 
sensation of cold is felt. Water produces 
the same effect in a smaller degree, be- 
cause it evaporates less raj)idly. 

The heat which thus disappears in 
viiiue of the passage of a liquid into the 
gaseous condition, is called the latent heat 
of vaporhation. Its amount varies ac- 
cording to the temperature at which the 
change is effected, and it is exactly re- 
stored wiien the vapour returns to the 
liquid form, provided that both changes 
have been effected at the same tempera- 

tura Its amount for vapour of water at the temperature 100° C. 
is 53G°; that is to 8»y, the quantity of heat which disappears in the 
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evaporation of a pound of water at this temperature, and which 
reappeara in the condenaation of a pound of steam at the same tem- 
perature, would be sufficient to raise the temperature of 53G pounds 
of water from 0" to 1°. 

The latent heat of vaporization plays an importAnt part in the 
heating of buildings by steam. A pound of steam at 100°, in 




becoming reduced to water at 30° gives out as much heat as about 
S'i lbs. of water at 100° in cooling down to the same temperature. 

248, Leslie's Ezperiment. — Water can be easily frozen by the cold 
resulting from its own evaporation, as was first shown by Leslie in 
a celebrated experiment. A small capsule (Fig, 238) of copper is 
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tiiken, containing a little water, and is j>Iace<l above a 

taining strong sulphuric acid. The wliole is placed under the n 

of an air-pump, which is then exhauste<L Tlie water evaponitea with 

great rapidity, the vapour being absorbed by the sulphuric acid as 

last as it is formed, and ice sooa begins to appear on the surface. 

The experiment is, however, rather difficult to perform successfully. 

This arises from various causes. 

In the first place, the vapour of water which occupies the upper 
part of the receiver is only imperfectly absorbed ; and, in the second 
place, as the upper layer of the acid becomes diluted by absorbing 
the vapour, its alSnity for water rapidly diminishes. 

These obstacles have been removed by an apparatus invented by 
M. Carr^, which enables us to obtain a considerable mass of ice in a 
few minutes. It consists (Fig, 239) of a leaden reservoir containing 
sulphuric acid. At one extremity is a vertical tube, the end of which 
is bent over and connected with a flask containing water. The other 
extremity of the reservoir communicates with an air-pnmp, to the 
handle of which is fitted a metallic rod, which drives an agitator 
immersed in the acid. By this means the surface of the acid is con- 
tinually renewed, absorption takes place with i-egularity, and the water 
is rapidly frozen. 

249, Cryophorus. — Wollaston's cryophorus (Fig. 2+0) consists of a 
bent tube with a bulb at each end. It is partly filled with water, 
and hermetically sealed while the 
liquid is in ebullition, thus expelling 
the air. 

"When an experiment is to he made, 
all the liquid is passed into the bulb 
B, and the bulb A is plungod into a 
freezing mixture, or into pounded ice. 
The cold condenses the vapour in A, 
and thus produces rapid evaporation 
of the water in B. In a short time 
needles of ice appear on tlie surface of 
the liquid. 
-,_, . 250, Preezingr of Water by the Eva- 

J. „,„ ,,^, I ^_ poratiea of Ether. — Water is poured 

into a glass tube dipped into ether, 
which ia contained in ii ■^hms vessel for the purpose (Fig, 241). By 
means of a pair of bellows a current of air is made to pass through 
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the ether; evaporation is quickly produced, s 
minutes tlie water tn the tube is frozen. 



id at the eud of a few 




Fir. m.—FnailiiK if Wttor b; B>a|icmU( 



If, instead of promoting evaporation of the other by meana of a 
current of air, tlie vessel were placed under the exhausted receiver 
of an air-pump, a much greater fall of temperature would be ob- 
tained, and even mercury might easily be frozen. This esperiment, 
however, is injurious to the pump, owing to the sol- 
vent action of the ether on the oil with which tlie 
valves and other moving parts are lubricated. 

2S1. Freezing of Mercury by means of Snlphnrous 
Aaid. — Mercury may be frozen by means of liquid 
aulphurous acid, which is much more volatile than 
ether. In order to escape the suffocating action of the 
gas, the experiment is performed in the following 
manner: — 

Into a glass vessel (Fig. 242) are poured successively 
mercury and liquid sulphurous acid. The vessel ia 
closed by an india-rnbber stopjier, in which two glass 
tubes are fitted. One of these dips to the bottom of the sulphur- 
ous acid, and is connected at its outer end with a bladder full of 
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air. Air is passed tbrougli the liquid by coropressing the bladder, 
and escapes, cbai-ged with vapour, through the second opening, 
whicli is fitted with an intlia-rubber tube leading to the open air. 
Evaporation proceeds with great rapidity, and the mercury aoon 
freezes, 

252. Carry's Apparatus. — The apparatus invented some years ago 
by M. CarrtS for making ice is another instance of the application of 
cold produced by evaporation. It consist-s (Figs. 2+3 and 244) of two 
parts, a boiler and a cooler. The boiler is of wrought iron, and is so 
consti'ucted as to Q;ive a very large heating surface. It is three- 
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quarters filled with a saturated solution of ammonia, which contains 
from six to seven liaiidred times its volume of gas. The cooler is of 
an annular fonn, and in the central space is placed a vessel contain- 
ing the water to be frozen. In the sides of the cooler are a number 
of small celln, the object of which is to increase the surface of con- 
tact of the metal with the liquid. 

In the first part of tiie experiment, which is represented in the 
figure, the boiler is placed upon a fire, and the temperature raised to 
130°, while the cooler is suiTounded with cold water. Ammoniacal 
gas is given off, passes into the cooler by the valve a opening up- 
wards, and is condensed in the numerous cells above mentioned. 
This first part of the operation, in the small machines for domestic 
use, occupies about three-quarters of an hour. In the second part of 
the operation, the cylindrical vessel containing the water to be frozen 
is placed in the central space ; the cooler is surrounded with an envelope 
of felt, which is a very bad conductor of heat, and tlie boiler ia im- 
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mersed in cold water. The water in the boiler, as it coola, is able 
again to receive and dissolve the gas, which enters by the valve s of 
the bent siphon- shaped tube. The liquid ammonia in the cooler 
accordingly evaporates with great rapidity, producing a fall of tem- 
perature which freezes the water in the inclosed vessel. 

2S3. Solidifloation of Caiboaio Acid. — When a small orifice is opened 
in a vessel containing liquid carbonic acid, evaporation proceeds so 
rapidly that the cold resulting from it freezes a portion of the vapour, 
which takes the form of fine snow, and may be collected ia consider- 
able quantity. 

This carbonic acid snow, which was first obtained by Thilorier, is 
readily dissolved by ether, and forms with it one of the most intense 
freezing mixtures known. By immersing tubes containing liquefied 
gases in this mixture, Faraday succeeded in reducing several of them, 
including carbonic aeid, cyanogen, and nitrous oxide, to the form of 
clear transparent ice, the fall of temperature being aided, in some 
of hia experiments, by employing an air-pump to promote more rapid 
evaporation of carbonic acid from the mixture. By the latter pro- 
cess he was enabled to obtain a temperature of — IfiG" F. (— 110°C.) 
as indicated by an alcohol thermometer, the alcohol itself being re- 
duced to the consistence of oil Despretz, by means of the cold 
produced by a mixture of solid carbonic acid, liquid nitrous oxide, 
and ether, rendered alcohol so viscid that it did not run out when 
the vessel which contained it was inverted. 
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Sfi4. Ebnllition. — Wlien a liquid contained in an open vessel is sub- 
jected to a continual increase of temperature, it is gradually changed 
into vapour, which is dissipated in the surrounding atmosphere. 
This lution is at first confined to the surface; but after a certain time 
bubhles of vapour are formed in the inte- 
rior of the liquid, which rise to the top, 
and set the entire mass in motion with 
more or less vehemence, accompanied by a 
characteristic noise ; this is what is meant 
by ebullilion or boiling. 

If we observe the gradual progress of 
this phenomenon,— for example, in a gloss 
vessel containing water, we shall perceive 
that, after a certain time, very minute 
bubbles are given off; these are bubbles 
of dissolved air. Soon after, at the bottom 
of the vessel, and at those parts of the sides 
which are most immediately exposed to 
the action of the fire, larger bubbles of 
vapour are formed, which decrease in vol- 
ume aa they ascend, and disappear before 
reaching the surface. This stage is accom- 
panied by a peculiar sound, indicative of 
«|t|a>ttiii«liiiiU (ihiiUition, and the liquid is said to be singing. The 
wMiiid 1> pliiUUily cauHcd by the collapsing of the bubbles sa they are 
(iimilmi**"! by thii coldor water through which they pass. Finally, 
(hu I'lll'hlwi iiicixwiw) in number, growing larger as they ascend, until 
tliuy huml nt tliu Hurfucv, which is thus kept in a state of agitation; 
Uii> liquid U then mid to boil. 
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S66. Laws of Ebullition. — 1. At ike o^-dinary ■presBiire, ebullition 
commences at a temperature which, {roughly apeaking) is definite for 
each liquid. 

Tliia law ia analogous to tliat of fusion {§ 225). It follows from 
this that the boiling-point of any liquid ia a specific element, serving 
to determine its nature. 

The following table givea the boiling-points of several liquids at 
the pressure of 760 millimetrea; — 



Sulphurous ttoi.l, - 10' I 

Hydrochlorie etiier, , . . . + 11° 

Common Bthar, 37° 

Alcohol, 79' 

Difitilled water, 100' 



Spirits of toppentine, . . . + 130° C. 

PhoBpboruB, aeo" 

Conosntrated lulphuric Mad, . 325° 
Mercury, 3B3' 



I 



2, Tlie temperature, in ordinary/ circumstances, ■t^eniains constant 
during ebulUtioii, If a thermometer he introduced into the glass 
vessel of Fig, 2+5, tlie temperature will he observed to rise gradually 
during the different stages preceding ebullition; but, when active 
ebullition has once commenced, no further variation of temperature 
will be observed. This phenomenon points to the same conclusion 
as the cold produced by evaporation. 

Since, notwithstanding the continuous action of the fire, the 
temperature remains constant, the conclusion is inevitable, that all 
the heat produced is employed in doing the work necessary to change 
the liquid into vapour. The constancy of temperature during ebulli- 
tion explains the fact that vessels of pewter, tin, or any other easily 
fusible metal, may be safely exposed to the action of even a very bob 
fire, provided that they contain water, since the liquid remains at a 
temperature of about 100", and its contact prevents the vessel from 
over-heating. 

3. The clastic force of the vapour given o^ during ebullition is 
equal to the pressure of the external air. 

Tliia important proposition may be experimentally demonstrated 
in the following manner: — 

We take a bent tube A, open at the longer extremity, and closed 
at the shorter. The short branch is filled with mercury, all but a. 
small space containing water; in the long branch the mercury stands 
a little higher than the bend. Water is now boiled in a glass vessel, 
and, during ebullition, the bent tube is plunged into the steam 
The water occupying the upper part of the short branch is partially 
converted into steam, the mercury falls, and it assumes the same 
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level in both bratickea. Thus the pressure exerted by the atmoBphere 
at the open extremity of the tube is exactly equal to that exerted by 
tlie vapour formed by water in 
ebullition. 

256. Theory of Ebullition.— 
This latter circumstance supplies 
tbe true physical definition of 
ebullition. A liquid is in ebulli- 
tion when it gives off iiapour of 
ilie saTne tension as the atmo- 
sphere above it. 

The necessity of this equality 
of tension is easily explained. If 
a bubble of vapour exists in the 
interior of a liquid as at m (Fig. 
247), it is subject to a pressure 
exceeding atmospheric by tbe 
■weight of the liquid above it. As 
tlie bubble rises, the latter ele- 
jjLi.Tit of pressure becomes less, 
ami tbe tension of the vapour 
composing the bubble accordingly 
diminishes, until it is reduced to 
J the surface. 
The boiling-point of a liquid ia therefore necessarily fixed, since it 
is the temperature at which the tension of tbe vapour at saturation 
is equal to that of the atmosphere. It must be remarked, however, 
that this temperature varies in tbe difi'erent layers of the liquid, and 
tk*t it increases with the depth below the surface. Accordingly, in 
^ttenuniug the second fixed point of the thermometer, we have 
stated that the instrument should be plunged into the 
steam, and not into the water. 

267. Effect of Pressure upon the Boiling-point. — It 
(evidently follows from tbe foregoing considerations that 
the boiling-point of a liquid must vary with the pres- 
mte on tlie surface; and experiment shows that this 
s tlie case. Water, for instance, boils at 100° under 
^ external pressure of 760 millimetres; but if tbe 
^^^^ ebullition occurs at a lower temperature. Under 
_^ 0-pump, water may be made to boil at any tem- 
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perature between 0° and 100°. In Carr^'-s apparatus (Fig. 239) the 
water io the glass bottle is observed to enter into active ebullition a 
few moments before the appearance of the ice. The reason, therefore, 
why boiling water lias come to be associated in our minds with a 
fixed temperature is that the variations of atmospheric pressure are 
comparatively small. 

At Paris, for instance, the external pressure varies between 720 
and 790 millimetres (283 and 31 1 inches), and the boiling-point, 
in consequence, varies from QS'o" to lOl'l", 

858. Franklin's Experiment,— The boiling of water atatemperaturc 
lower than 100° may be shown by the following experiment: — 

A little water is boiled in a flask for a sufficient time to expel most 
of the air contained in it. The 
6ask is then removed from the 
source of heat, and ia at the 
same time securely corked. To 
render the exclusion of air still 
more certain, it maybe inverted 
with the corked end immersed 
in water which has been boiled. 
Ebullition ceases almost imme- 
diately; but if cold water be 
now poured over the vessel, or, 
better still, if ice be applied to 
it, the liquid again begins to 
boil, and continues to do so for ^ 
a considerable time, Tliis fact 
may easily be explained: tin; 
contact of the cold water ov 
the ice lowers the temperature i ,j, l>i< -fm.kiiii . KuBtiiaoni. 

and tension of the steam which 

presses upon the surface of the liquid, and the decrease of tension 
causes the renewal of ebullition. 

360. Determination of Heights by Boiling-point. — Just as we can 
determine the boiling-point of water when the external pn^sure is 
given, BO, if the boiling-point be known, we can determine the ex- 
ternal pressure. In either case we have simply to refer to a table of 
maximum tensions of aqueous vapour at different temperatures. 

As the barometer is essentially unsuitable for portability, Wollastoa 
substitute the observation of boiling-points as a means 
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of determining pressures. For tliis purpose he employed a thenin>- 
nioter witli a large bulb and with a scale extending only a lew de- 
gnu^s above and below 100°, He called this inatrument tlie barome- 
tric thermometer. 

Kegnault has constructed a ainall instrument for the same purpose, 
which he calls the hypsomcter. It consists of a little boiler lieated 
by a spirit-lamp, and terminating in a tele- 
scope tube with an opening at the side 
thi-ough wliich the steam escapes. A ther- 
mometer dips into the steam, and projects 
through the top of the tube so as to allow 
the temperature of ebullition to he read. 

This temperature at once gives the atmo- 
spheric pressure by reference to a table of 
vapour- tensions, and the subsequent com- 
putations for determining the height are the 
same as when the barometer is employed 
(§ 112). 

When only an approximate result is do- 
sired, it may be assumed that the height 
above sea-level ia sensibly proportional to 
the difference between the observed boiling- 
point and 100° C, and Soret's formula' may 
be employed, viz. : 

A = 295 (100-(), 

where h is expressed in metres and t in 
degrees Centigrade. 

Thus, at Quito, where the boiling-point 
of water is about {IO-l'',the height above sea- 
level would be 39 x 295=2920 metres, which agrees nearly with the 
true height 2808 metres, 

At Madrid, at the mean pressure, the boiling-point is 97 8", which 
gives 2 '2 X 295— 64'J metres; the actual height being 610 metres. 

261. Papin's Di^ster. — While a decrease of pressure lowers the 
boiling-point, nu increase of pressure raises it Accordingly, by put- 
ting the boiler in communication with a reservoir containing air ab 
thti preBsuri) of several atmospheres, we can raise tlie hoiling-point to 
110°, II 5*, or 1 :!0° ; a result often of great utility in the arts. But ia 

' It A bi) mpruiiiiud in feet, ond I in degrees FMirenhcit, llio Eormula liecomea 
A = 638 (312-(). 
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order that the liquid may actually enter into ebullition, the space 
above the liquid must be sufficiently large and cool to allow of the 
condensation of the steam. In a confined vessel, water may be raised 
to a higher temperature than would be possible in the open air, but 
it will not boil. This is the case in the apparatus invented by the 
celebrated Papio, and called after him Papin'a digester. It is a 
bronze vessel of great strength, covered with a lid secured by a 
powerful screw. It is employed for raising water to very high tem- 
peratures, and thus obtaining effects which would not be possible with 
water at 100°, such for example ils dissolving the gelatine contained 
in bones. 

It is to be observed that the tension of the steam increases rapidly 
with the temperature, and may finally acquire an enormous power. 
Thus, at 200°, the pressure is that of 16 atmospheres, that is about 
240 pounds on the square inch. 
In order to obviate the risk of 
explosion, Papin introduced a 
device for preventing the pres- 
sure from exceeding a definite 
limit. This invention haaaince 
been applied to the boilers of 
steam-engines, and is well 
known as the safety-'valve. It 
consists of an opening, closed 
by a conical valve or stopper, 
which is jjressed down by a 
lever loaded with a weight. 
Suppose the area of the lower 
end of the stopper to be 1 
square inch, and that the pres- 
sure is not to exceed 10 atmo- 
aplieres, corresponding to a 
temperature of 180°. The 
magnitude and position of the weight are so arranged that the pres- 
sure on the hole is 10 times 15 pounds. If the tension of the steam 
exceed 10 atmospheres, the lever will be raised, the steam willeseajie, 
and the pressure will thus be relieved. 

Wlien the totmion of the steam contained in the digester has be- 
come considerable, if the lever be raised, so as to permit some steam 
to escape, it rushes out with a loud noise, and produces a cloud la 
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the air. Oil placing the hand in this cloud, scarcely any seriBatioa 
of heat is experienced, whereas, on performing the same experiment 
with steam at the ordinary pressure, the hand would certainly be 
scalded. This apparently paradoxical result is completely in accord- 
ance with the principles which have already been stated more than 
onco. The steam formed at 100°^ being at atmospheric pressure, pre- 
serves its pressure and temperature fin issuing into the air. On the 
other hand, the steam generated in Fapin's digester has a pressure 
greatly excecdiug that of the atmosphere, and accordingly expands 
rapidly upon its exit, and thus performs work in forcing back the 
external air. The performance of this work is accompanied by the 
losB of an equivalent quantity of heat, and the tempei'ature of the 
jet iH consequently considerably lowered. 

263, Boiling-point of Saline Solutions. — When water holds saline 
niikttors in solution, the boiling-point rises as the proportion of saline 
tiiatthi' in the water increases. Thus with sea-salt the boiling-point 
cull be raised from 100° to 108". 

When the solution is not saturated, the boiling-point is not fixed, 
but riaUH gradually OS the mixture becomes concentrated; but at a 
oiirtnin ntngo the salt begins to be precipitated, and the tempei'ature 
thun remains invariable. This is to be considered the normal boiling- 
point (if thosaturated solution. Supersaturation, however, sometimes 
iinciirx. thu temperature gradually rising above tlie normal boiling- 
puint witliout luiy deposition of tlie salt, until all at once precipita- 
tiiiU bejiinM, and the thermometer falls several degrees. 

Thti ■timin emitted by saline solutions consists of pure water, and 
it in fruipiently asserted to liave tlie same temperature as the steam 
nl' piHii wator boiling under tlie sutiie pressure; but the experiments 
(if MagiiiiM and othors have sliown that this is not the case. Magnus, 
fm' iixumple,' foumi that wlien a solution of chloride of calcium was 
biiillng al 107°. n tliennometer in tlie steam indicated 105^°, and 
whuli hy ixtlii'eiitratioa the boiling-point had risen to 116°, the tber- 
liinini'lut' in thu nlrnm indicated 111-2°. 

Tlituiii and oUier observations seem to indicnte that the steam 
tiiuitted hy a Malino solution wlien boiling, is in the condition in whicb 
UiB ftluani of pure boiliug water would be, if heated, under atmo- 
Mplivrio prtuiNnrtv to tho temperature of the boiling solution. It can 
tlinrvroro 1m noulod down to tlie boiling-point of pure water without 
iiiuitU'^oiiig any liipicfuction. When cooled to thi.^ point, it becomea 

' IViggimdoriri Anna!cii. cuii. p. 415. 
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saturated, and precisely resembles the steam of pure water boiling 
under the same pressure. When saturated steaui loses beat, it doea 
not cool, but undergoes partial liquefaction, and it does not become 
completely liquefied till it has lost as much heat as would have cooled 
more than a thousand times its weight of superheated* steam one 
degi-ee Centigrade. 

262 A. Boiling-point of Liquid Mixtures. — A mixture of two liquids 
which have an attraction for each other, and will di.ssolve each other 
freely in all proportions — for example, water and alcohol — has a boil- 
ing-point intermediate between those of its constituents. But a 
mechanical mixture of two liquids between which no solvent action 
takes place — for example, water and sulphide of carbon — has a boiling- 
point lower than either of its constituents. If steam of water is 
passed into liquid sulphide of carbon, or if sulphide of carbon vapour 
is passed into water, a mixture is obtained which boils at 42*6° C, 
being four degrees lower than the boiling-point of sulphide of carbon 
alone. This apparent anomaly is a direct consequence of the laws of 
vapours stated in § 24'4' ; for the boiling-point of such a mixture is the 
tenijierature at which the sum of tho vapour- tensions of the two 
independent ingredients is equal to one atmosphere. 

263. Influence of Dissolved Air upon the Boiling -point. — The* 
presence of air in the midst of tlie liquid mass is a necessary 
condition of regularity of ebullition, and of its production at the 
normal temperature; this is shown by several convincing experi- 
ments. 

1, Donny'B Eicperiment. — We take a glass tube bent twice, and 
terminated at one of its extremities by a series of bidbs. The first 
step is to wash it carefully with alcohol and ether, finally leaving in 
it some dilnied sulphuric acid. These operations are for the purpose 
of removing the solid particles adhering to the sides, which always 
detain portions of air. Water is then introduced and boiled long 
enough to expel the air dissolved in it, and while ebullition is pro- 
ceeding, the end of the apparatus is hermetically sealed. The other 
extremity is now plunged in a strong solution of chloride of calcium, 
which has a very high boiling-point, and the tube is so placed that 
all the water shall lie in this extremity ; it will then be found that 
the temperature may be raised to 135° without producing ebullition. 

' TliBt U steam heated above tlie temperature of aatunition. Pbiloaophitally speaking, 
■uperheatod steajn ia merely nnnsalurated Bteam; but the name is ne 
(lie temperature eiceeda the atmospheric boiling-point. 
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At about this temperature bubblea of steam are seen to be formed, 
and tbe entire liquid mass is thrown forward with great violence. 




Tig. SSI — DoBiij'i Eiperimmt 

The bulbs at the end of the tube are intended to diminish the shock 
thus produced. 

2. Dv.four's Experiment. — This experiment is still more decisive. 
A mixture of linseed-oil and oil of cloves, whose respective densities 
are about '33 and 1 01 , is so prepared that, for tempemturea near ] 00°, 
the density of the whole is nearly that of water. This mixture is 
placed in a cubical box of sheet-iron, with two holes opposite each 
other, which are filled with glass, so as to enable tlie observer to 
perceive what is passing within. Tlie box is placed in a metallic 
envelope, which permits of its being heated laterally. When the 
temperature of 1 20° has been reached, a large drop of water is allowed 
to fall into the mixture, which, on reaching the bottom of the box, 
is partially converted into vapour, and breaks up into a number of 
smaller drops, some of which take up a position between the two 
windows, so as to be visible to tbe observer. The tempei-ature may 
now be raised to 140°, 150°, or even 180°, without producing evapora- 
tion of any of these drops. Now the maximum tension of steam at 
180° is equal to 10 atmospheres, and yet we have the remarkable 
phenomenon of a drop of water remaining liquid at this temperature 
under no other pressure than that of the external air increased by an 
inch or two of oil. The reason is that the air necessary to evapora- 
tion is not supplied. If the drops be touched with a rod of metal, 
or, better still, of wood, they are immediately converted into vapour 
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■with great violence, accompanied by a peculiar noise. Tliis is 
explained by the fact that the rods used always carry a certain 
quantity of condensed air upon their surface, and bj' means of this 
air the evaporation is produced. The truth of this explanation i.s 
proved by the fact, that when the rods have been used a certain 
number of times, they lose tlieir power of provoking eballition, owing, 
no doubt, to the exhaustion of the air which was adhering to tbeir 
surfacea 

3. Production of Ebullition by the foitnaiion of BuhbUa of Gas 
in ike miiht of a Liquid. — A retort is carefully washed with 
sulphuric acid, and then cliarged with water slightly acidulated, from 
which the air has been expelled by repeated boiling. The retort 
communicates with a manometer and with an air-pump. The air is 
exhausted until a pressure of only 150 millimetres is attained, coitc- 
sponding to 60' as boiling-point. Dufour has shown that under 
these conditions the temperature may be gradually raised to 75° 
without produciug ebullition. But if, while things are in this con- 
dition, a current of electricity is sent through the liquid by means of 
two platinum wires previously immersed in it, the bubbles of oxygen 
and hydrogen which are evolved nt the wires immediately produce 
violent ebullition, and a portion of the liquid is projected explosively, 
as in Doiniy's experiment. 

From these experiments we may conclude that liquid, when not 
in contact with gas, has a difficulty in maJcing a beginning of vapor- 
ization, and may hence remain in the liquid state even at tempera- 
tures at which vaporization would upon the whole involve a fall of 
potential energy. 

That vapour (as well as air) can furnish the means of overcoming 
this difficulty, is established by the fact noted by Professor G. C. 
Foster,' that when a liquid has been boiling for some time in a mtort, 
it sometimes ceases to exhibit the movements characteristic of ebulli- 
tion, although the amount of vapour evolved at the surface, as mea^ 
sured by the amount of liquid condensed in the receiver, continues 
undiminished. In these circumstances, it would appear that the 
superficial layer of liquid, which is in contact with its own vapour, 
is the only part that is free to vaporize. 

The preceding remarks explain the reluctance of water to boil in 

glass vessels carefully washed, and the peculiar foi-mation, in these 

circumstances, of large hubbies of steam, causing what is called boU- 

' Wntts's ZHclionaiy a/ Chemiilry, art. "Heat," p. 8S. 
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itiff hy bumping. In the case of sulphuric acid, the phDnomenon is 
tnucii more marked; if this liquid be boiled in a glass vessel, enormous 
bubbles aro formed at the sides, which, on account of the viscous 
nature of the liquid, raise 
the mass of the liquid 
above them, and tlien let 
it fall back with sucb 
violence an sometimes to 
break tiie vessel. This 
inconvenience may bo 
avoided by using an an- 
nular brazier (Fig. 253), 
by means of which the upper part only of the liquid is heated. 

The ebullition of ether and alcohol presents some similar features, 
probably because these liquids dissolve the fatty particles on the 
surface of the glass, and thus adhere to the sides very strongly, 

364. Spheroidal State. — This is the name given to a peculiar con- 
dition which is assumed hy liquids when exposed tt) the action of 
very hot metals. 

If we take a smooth plate of iron or silver, and let fall a drop of 
water upon it, the drop will evaporate more rapidly as the tempera- 
ture of the plate is increased up 
to a certain point. When the 
temperature of the plate exceeds 
this limit, which, for water, ap- 
pears to be about 1 50°, the drop 
assumes a spheroidal form, rolls 
about like a ball or spins on its 
axis, and frequently exhibits a 
beautiful rippling, as represented 
in the figure. While in this con- 
dition, it evaporates much more 
alowly than when the plate was 
at a lower tenipemture. This 
Fig. SM.— Giub^iio in ii,e si.heroijii suio. latter circumstance is important, 

and is easily verified by experi- 
ment. If the plate be allowed to cool, a moment arrives when the 
globule of water flattens out, and boils rapidly away with a hissing 
noise. 

These phenomena have been long known, and were studied by 
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Leidenfro3t and Klaprotli; but t lie subject Las recently been more 
completely investigated by Boutigny. All liquids nre probably capable 
of assuming tbe spheroidal state. AinoDg those which have been 
tested are alcohol, ether, liquid sulphurous acid, and liquid nitrous 
oxide. When in tliis state they do not boil. Sometimes bubbles of 
steam are seen to rise and burst at the top of the globule, but these 
are always owing to some roughness of the surface, which prevents 
the steam from escaping in any other way; when the surface is smooth, 
no bubbles are observed. 

If the temperature of the liquid be measured by means of a ther- 
mometer with a very small bulb, or a thermo-electric junction, it is 
always found to be below the boiling-point. 

S65. Freezing of Water and Mercury by means of the Spheroidal 
State. — Tills latter property enables us to obtain some very striking 
and paradoxical results. The boiling-point of liquid sulphurous acid 
is — 10°C.. and that of liquid nitrous oxide is about — 70° C. If & 
silver or platinum crucible be heated to redness by a powerful lamp, 
and some liquid sulphurous acid be then poured into it, this latter 
assumes the spheroidal state ; and drops of water let fall upon it are 
immediately frozen, Mercury can in like manner be frozen in a red- 
hot crucible by employing liquid nitrous oxide in the spheroidal 
state. 

These experiments are due to Boutigny, who called attention to 
them as remarkable exceptions to the usual tendency of bodies to 
equilibrium of temperature. The exception is of the same kind as 
that presented by a vessel of water boiling at a constant temperature 
of 100° over a hot fire, the heat received by the liquid being in both 
cases expended in producing evaporation. 

266. The Uetal not in Contact with the Liquid. — ^The ba^is of the 
entire theory of liquids in the spheroidal state is the fact that the 
liquid and the metal plate do not come into contact. This fact can 
be proved by direct observation. 

The plate used must be quite smooth and accurately levelled. 
When the plate ia heated, a little water is poured upon it, and 
assumes the spheroidal state. By means of a fine platinum wire 
which passes into the globule, the liquid is kept at the centre of the 
metal plate. It is then veiy easy, by placing a light behind the 
globule, to see distinctly the space between the liquid and the plate. 
Tbe appearance thus presented may be easily thrown on a screen by 
means of the electric light. 
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Tbe iniemiptioQ of contact can also be prrived bv com 
(throogh a galvaitometer) ooe pole of a batten' with tl>e hot platen 
«bile a wire from the otber pole tA dipped in the liqoid. Tbe c 
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rent refuses to rarcalate if the liquid is in the spheroidai state, but is 
immediately established when, on cooling the plate, the liquid b^os 
to boiL 

Tliia separation is raaintAined by tbe rush of steam from the under- 
surface of the globule, which is also the cause of the peculiar move- 
ments above described. 

In consequence of tbe separation, heat can only pass to tbe globule 
by radiation, and hence its comparatively low temperature is ac- 
counted for. 

The absence of contact between a liquid and a metal at a high 
temperature may be shown by several experiments. If, for instancy 
a bedl of platinum be lieated to bright rednes-i, and plunged (Fig. 256) 
iato water, tbe liquid is seen to recede on all sides, leaving an envelope 
«f Tapour round the ball This latter remains red for .sevei-al seconds, 
and contact does rot take place till its temperature haa 
fallen to about 150°. An active ebullition then takes 
place, and an abundance of steam is evolved 

If drops of melted sugar be let fall on water, they will ' 
float for a short time, though their density is greater 
than that of water {§ 79). contact being prevented by 
iheir liigh temperature. A similar phenomenon is ob- 
served when a fragment of potassium is thrown on water. 
Tbe water is decomposed ; its hydrogen takes fire and 
burns with a red flame ; its ox^'gen combines with the 
u focm potash: and the globule of potash floats upon tfa« 
t touuhing it, owing to the high tt-mperature under 
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whicli it is formed. After a few seconds the globule cools sufficiently 
to come into contact •wOh the water, and bui-sts with a slight noise. 

S67. Distillation. — Distillation consists in boiling a liquid and 
condensing the vapoui' evolved. It enables us to separate a liquid 
from the solid matter dissolved in it, and to efl'ect a partial separa- 
tion of the more volatile constituent of a mixture from the less 
volatile. 

Tlie apparatus employed for this purpose is called a still. One of 
the simpler forms, suittible for distilling water, is shown in Fig. 257. 

It consists of a retort a, the neck of which c communicates with a 
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spiral tube dd called the toorm, placed in the vessel e, which contains 
cold water. The water in the retort is raised to ebullition, the steam 
given off is condensed iu the worm, and the distilled water is col- 
lected in the vessel g. 

As the condensation of the steam proceeds, the water of the cooler 
becomes heated, and must be renewed ; for this purpose a tube 
descending to the bottom of the cooler is supplied with a continuous 
stream of cold water from above, while the superfluous water flows 
out by the tube i at the upper part of the cooler. In tliis way the 
warm water, which rises to the top, is continually removed. The 
boiler is filled about three-quarters full, and the water in it can from 
time to time be renewed by the opening /; but it is advisable not to 
carry the process of distillation too far, and to throw away the lii)uid 
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remaining in the boiler when its volume has been reduced to a fourth 
or a fifth of what it was originally. By exceeding this limit we run 
the risk of impairing the purity of the water by the carrying over 
of some of the solid matter contained in the liquid in the boiler. 

269. Circamstances which Influence Rapidity of Evaporation. — In 
the case of a liquid exposed to the air, and at atmospheric tempera- 
ture, the rapidity of evaporation increases with the extent of free 
surface, the dryness of the air, and the rapidity of renewal of the 
air immediately above the surface. 

In the case of a liquid evaporated by boiling, the quantity evapo- 
rated in a given time is proportional to the heat received. This 
depends upon the intensity of the source of heat, the facility with 
which heat passes through the sides of the vessel, and the area of 
heating surface, that is to say, of surface (or more properly lamina) 
which is in contact with the liquid on one side, and with the source 
of heat on the other. 
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270, TenBion of Aqueous Vapour. — The knowledge of tlie maximum 
tensioD of tbe vapour of water at various temperatures is important, 
not only from a theoretJea], but also from a practical point of view, 
inasmuch as this tension is the motive force in the steam-engine. 
Experiments for the purpose of determining the values of this 
element have accordingly been undertaken by several experimenters 
in different countries. Tlie researches conducted by Regnault are 
especially remarkable for the range of temperature which they em- 
brace, as well as for the number of observations which they include, 
and the extreme precision of the methods employed. Next to these 
in importance are the experiments of Magnus in Germany and of 
Fairbairn and Tate in England. 

271. Dalton's Apparatus. — The first investigations in this subject 
which have any pretensions to accuracy were those of Dalton. The 
apparatus which he employed is represented in Fig. 259. Two baro- 
metric tubes A and B are inverted in the same cistern H; one is an 
ordinary barometer, the other a vapour-barometer ; tliut is, a baro- 
meter in which a few drops of water have been passed up through 
the mercury. The two tubes, attached to the support CD, are sur- 
rounded by a cylindrical glass vessel containing water which can be 
raised to different temperatures by means of a fire. The first step 
is to fill the vessel with ice, and then read the difference of level of 
the mercury in the two tubes. Tiiis can be done by separating the 
fragments of ice. Tlie difference thus observed is the tension of 
aqueous vapour at zero Centigi'ade. The ice is then replaced by 
water, and the action of the fire is so regulated as to give different 
temperatures, ranging between 0° and 1(I0°C., each of which is pre- 
served constant for a few minutes, tlie water being at the same time 
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well stirred by means of the agitator pq, so as to insure uniformity 
of temperature throughout the whole mass. The difference of level 
in the two barometers is I'ead off in each 
case ; and we have thus the means of 
constructing, with the aid of graphical 
or numerical interpolation, a complete 
table of vapour- tension a from 0° to 1 00° 
C. At or about this latter temperature 
the mercury in the vapour-barometer 
falls to the level of the cistern; and the 
method is therefore inapplicable for 
higher temperatures. Such a table was ' 
constructed by Dal ton. 

272. Regnault's Uodiflcations. — Dal- 
ton's method has several defects. In 
the first place, it is impossible to insure 
that the temperature shall be every-, 
where the same in a column as long as 
that which is formed by the vapour at 
70°, 75°, and higher temperatures. In 
the second place, there is always a good 
deal of uncertainty in observing the 
difference of level through the sides of 
the cylindrical glass vessel. Kegnault 
employed this method only up to the 
temperature of 50° C. At this tempera^ 
ture the tension of the vapour is only 
about y ftntiiiietn-s (U'ss than 4 inches) of mercury, and it is thus 
unnecessary to heat the barometers throughout their entire length. 
The improved apparatus is represented in Fig. 260. The two ban>- 
metric tubes, of an interior diameter of 14 millimetres, traverse two 
holes in the bottom of a metal box. In one of the sides of the box 
is a large opening closed with plate-glass, through which the necessary 
observations can be made with great accuracy. On account of the 
shortness of the liquid column it was very easy, by bringing a spirit- 
lamp within diffei'cnt distances of the box, to maintain for a suffi- 
cient time any temperature between 0° and 50° C. 

Thi? difference of level between the two mercurial columns should 
be reduced to 0° C. by the oi-dinary correction. We should also take 
into consideration the short column of water which is above the 
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mercury in the vapour barometer, ftiid which, by its weight, produces 
a depregsioQ that may evidently be expressed in mercury by dividing 
the height of the column by 13*59. 

To adapt this apparatus to low 
temperatures, it is modified in the 
following way. The upper e.t- 
tremity of the vapour barometer 
tube is drawn out and connected 
with a Einoll copper tube of three 
branches, one of which communi- 
cates with an air-pump, and an- 
other with a glass globe of the 
capacity of about 500 cubic centi- 
metres. In ttie interior of this 
globe is a small bulb of thin gloss 
containing water, from which all 
the air has been expelled by boil- 
ing. The globe is several times 
exhausted of air, and after each ex- 
haustion is refilled with air whiili 
has been passed over desiccating 
substances. After tlio last exhaus- 
tion, the tube wliich establishes 
communication with the air-puni]> 
is hermetically sealed, the box is 
filled with ice, and the tension at 
zero of the dry air left behind in 
the globe by the air-pump is mea- 
sured ; it is of course exceedingly 
small. Heat is then applied to the globe, the little bulb bursts, and 
the globe, together with the space above the mercury, is filled with 
vapour. This form of apparatus enn also be employed to measure 
tensions at temperatures up to 50°, the only dirt'erence being that the 
ice is replaced by water at different temperatures, allowance being 
made, in each case, for the elastic force of the unexhausted air. 

In the case of temperatures below zero, the box is no longer 
required, and the globe alone is placed in a vessel containing a fiefz- 
ing mixture. The barometric tubes are suiTounded by tiie air of the 
apartment 

In thia case the space occupied by the vapour is at two dill'creut 




I 
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temperatures in different parts, but it is evident tliat equilibrium 
can exist only when the tension ia the same tlirougbout But the 
tension of the vapour in tbe globe can never exceed the maximum 
tension for the actual temperature ; this must therefore be the tensioD 
throughout the entire apace, and is consequently that which corre- 
sponds in tbe difference of level observed. 

In reality what happens ia as follows:— The low temperature of 
the globe causes some of the vapour to condense; equilibrium is 
■consequently destroyed, a fresh quantity of vapour is produced, entera 
the globe, and is there condensed, and so oh, until the tension is 
everywhere the same a,s the maximum tension due to the tempera- 
ture of the globe. This condensation of vapour in the cold part of 
the space was utilized by Watt in the ateam-engine; it is the pi-irt- 
ciple of the condenser. 

Before Regnault, Gay-Lussac liad already turned this principle to 
account in a similar manner for the measurement of low tcmpei-a- 
tures. 

By using chloride of calcium mixed with successively increasing 
quantities of snow or ice, tbe temperature can be brought as low as 
— aa'C. (— 25'G° F.), and it can be shown that the tension of the vajiour 
of water is quite appreciable even at this point. 

273. Ueasarement of liaximam Tensions for Temperatures above fiO°. 
— In investigating tbe tension of the vapour of water at temperatures 
above 50°, Regnault made use of the fact that the maximum tension 
of steam at the boiling-point is equal to tiie external pressure. 

His apparatus consists (Fig. 261 ) of a copper boiler containing 
water whicli can be raised to different temperatures indicated by 
very delicate thermometera The vapour produced pa.sses through a 
tube inclined upwards, which is kept cool by a constant current of 
water; in this way the experiment can be continued fur any length 
of time, as the vapoiu- formed by ebullition is condensed in the tube, 
and flows back into the boiler. The tube leads to tlie lower part of 
a large reservoir, in which the air can be either rarefied or com- 
pressed at will. This reservoir is in communication with a mano- 
meter. Tbe apparatus aliown in the figure is that employed for 
pressures not exceeding 5 atoiosplieres. Much greater pressures, 
extending to 28 atmospheres, can be attained by simply altering tbe 
dimensions of tbe apparatus without any change in its principle 
The manometer employed in this case was the same as that used in 
testing Boyle's law, consisting of a long column of mercury {§ 121). 
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In using this apparatus, the air in tho reservoir is Brat rareQed 
until the water boiia at ahout 50° C. ; the occurrence of ebullition 
being recognized by its characteristic sousd, and by the temperature 




remaining invariable. This steadiness of temperature is of great 
advantage in making the obsei-vationa, inasmuch as it enables the 
thermometers to come into perfect equilibiium of temperature with 
the water. The tension indicated by the manometer during ebulli- 
tion is exactly that of the vaponr produced. By admitting air into 
the reservoir, the boiling-point is raised by successive steps until it 
reaches 100°. After this, air must be forced into the reservoir hy a 
compression-pump. 

The following is an abstract of the results thus obtained: — 
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274. Curves of Vapour-tension. — The comparison of Ib^se tensions 
with their corresponding tempeiutureB affords no clue to any simple 
relation between them which might he taken as the physical law of 
the phenomena. It would appear that tlie law of variation of 
maximum tensions is incapable of being thrown into any simple 
expression — judging at least from the failure of all eftbrts hitherto 
made. An attentive examination of the above table will enable us 
to assert only that the maximum tension variea very rapidly with 
tlie temperature. Thus be- 
tween 0° and 100° the variation I 
is only 1 atmosphere, but be- 
tween 101}° and 200° it is about 
15, and between 200° and 23(y i 
about 13 atmospheres. 

The clearest way of repre- I 
senting to the mind the law ac- 
cording to which vajiour-teo- I 
eion varies with temperature, iB J 
by means of a curve whose o 
diaates represent vapour-tei 
Fig. m sions, while the abscissae repre- 1 

sent the corresponding tern- f 
peratares. Such a curve is exhibited in Fig. 202. Lengths propor- 
tional to the temperatures, reckoned from 0° C, are laid off on the 1 
base-line fcalled the line of abscissie}, and perpendiculars (called ordi- | 
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es) are erected at their extremities, tLe lengths of these pei-pendi- 
Gulars being made proportional to the vapour- tensions. The scales 
employed for the two seta of lengths are of course quite independent 
of one another, their selection being merely a question of convenience. 
The curve itself is obtained by joining the extremities of the per- 
pendiculars, taking care to avoid sudden changes of direction; and 
it not only serves to convey to the mind an idea of the amounts of 
vapour- tensions and their rates of variation at different tempera- 
tures, but also furnishes the readiest means of determining the 
vapour -tensions at temperatures iutermediate between those of 
observation (see t)88B). 

It will be noticed that the curve becomes steeper aa the tempera- 
ture increases, indicating that the tension increases faster than the 
temperature. 

S7S, Empirical Fommlee. — Though all attempts at finding a rational 
formula for vapour-tension in terms of temperature have liitherto 
failed, it is easy to devise empirical formula; which yield tolerably 
accurate results within a limited range of temperature; and by 
altering the values of the constants in such a formula by successive 
steps, it may be adapted to represent in succession the different por- 
tions of the curve above described. 

The simplest of these approximate formulie^ is that of Diilong and 
Arago, which may be written — 



V 140 ) 



V 2i<i J' 



and gives the maximum tension in atmospheres, corresponding to 
the temperature C° Centigrade, or F° Fahrenheit. This formula is 
rigorously correct at 100°C., and gives increasing errors as the tem- 
perature departs further from this centre, the errora amounting to 
about 1^ per cent at the temperatures 80° C. and 225° C Hence it 
appears that between these limits the maximum tension of aqueous 
vapour is nearly proportional to the fifth power of the excess of the 
tem[)erature above — 40°C. 

276. Tensions of the Vapours of Different Liquids. — Dalton held that 
the vapours of different liquids have equal tensions at temperatures 
equally removed from their boiling-points. Thus the boiling-point 
of alcohol being 78°, the tension of alcohol vapour at 70° should be 
equal to that of the vapour of water at 92°. If this law were correct, 

' Fur a mare accurate formul*. »ee Ituniiiu on Steam-cngiju, p. 237. 
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it would only be necpsaary to know the boiliag-point of any liquid in. 
order to estimate the tension of its vapour at any given temperature; ' 
but subsequent experiment has shown that the law ia far from being I 
rigorously exact, though it ia approximately correct for temperatures J 
diifering by only a few degrees from the boiling-points. 

Regnault has performed numerous experiments on the vapoup- 1 
tensions of some of the more volatile liquids, employing for this I 
purpose the same form of apparatus which had served for deter- ' 
mining the tensions of aqueous vapour. The following are some of | 
his results: — 
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S77. ExpresBion qf Vapour-teneion in Absolute Ueasnre. — The ] 
maximum tension of a given vapour at a given temperature is, from | 
its very nature, independent of geographical position, and should [ 
therefore, properly speaking, be denoted by one and the same number J 
at all places. This numerical uniformity will not exist if the tension -I 
be expressed, aa in the preceding sections, in terms of the length ofl 
a column of mercury which balances it. For example, in order to -I 
adapt Regnault's determinations to London, we must multiply tbem I 
by the fraction ^ Jff, inasmuch aa 3456 millimetres of mercury exert | 
the same pressure at London as 31.?7 at Paris. In general, t9 adapt 1 
determinations of pressure made at a place A, to another place B, we i 
must multiply them by the fraction 



If the length of mercurial column at O'C. which balances a vapour- i 
tension at a given place be multiplied by the value of g (denotiug J 
intensity of gravity) at that place, the product may be called i' 
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absolute value of the vapour- tension ; for the products thus obtained 
will be the same at all localities. This is the proper mode of treat- 
ing determinations of vapour-tension made at various localities when 
it is desired to establtBli n, rigorous comparison between them. 

278. Laws of Combination by Volume. — It was discovered by Gay- 
Lussoc, that wlicn two or more gaseous elements at the same tem- 
perature and pressure enter into chemical combination witli each 
other, the two following laws apply: — 

1 . The volumes of the components bear a very simple ratio to each 
other, Bucli as 2 to 3, 1 to 2, or 1 to 1. 

2. The volume of the compound has a simple ratio to tlie sum of 
the volumes of the components. 

Ammonia, for example, is formed by nitrogen and hydrogen unit- 
ing in the proportion of one volume of the former to three of the 
latter, and the volume of the ammonia, if reduced to the same pres- 
sure as each of its constituents, is just half the sum of their volumea 
Further investigation has led to the conclusion {which is now gene- 
rally received, though hampered by some apparent exceptions), that 
these laws apply to all cases of chemical combination, the volumes 
compared being those which would be occupied respectively by the 
combining elements and the compound which they form, when 
reditced to the state of vapour, at such a temperature and pressure 
as to be very far removed from liquefaction, and consequently to 
possess the properties of what we ai-e accustomed to call pennanent 
^ gases. 

It is obvious that if all gases and vapours were equally expansible 
by heat, the volume-ratios referred to in this law would be the same 
at all temperatures ; and that, in like manner, if they were all equally 
compressible (whether obeying Boyle's law, or departing equally 
from it at equal pressures), the volume-ratios would be independent 
of the pressure at Avhich the comparison was made 

In reality great diiferences exist between different vapours in both 
respects, and these inequalities are greater as the vapours are nearer 
to saturation. It is accordingly found that the above laws of volume- 
ratio often fail to apply to vapours when under atmospheric pressure 
and within a few degrees of their boiling-points, and that, in such 
cases, a much nearer fulfilment of the law is obtained by employing 
very high temperatures, or operating in inclosures at very low pres- 
sures. 

S78A. Relation of Vaponr-densities to Chemical Eqaivalents.— Ohem- 
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iats have determined with great accuracy the combining proportioDS | 
by weight of most of the elements. Hence the preceding laws c 
be readily tested for bodies wliich uaiially exist in the solid or liquid I 
form, if we are able to compare the densities of their vapours. In I 
fact, if two such elements combine in the ratio, by weight, of w, to U',, I 
we have 



V, Vj rf^ dj denoting the volumes and densities of the vapours of I 
weights «', iCj of the two substances. 
Hence we liave the equation — 

which gives the required volume-ratio of the vapours, if the ratio of \ 
their densities be known. 

The densities themselves will differ enormously according to the I 
pressure and temperature at which they are taken, but their ratio J 
will only vary by comparatively small amounts, and would not differ ] 
at all if they were equally expansible by lieat, and equally com- 
pressible. Hence comparison will be facilitated by tabulating the j 
ratios of the densities to that of some standard gas, namely air, under J 
the same conditions of pi-essure and temperature, ratlier than the I 
absolute densities. This is accordingly the course which is genemlly i 
piuBued, BO generally indeed, that by the vapour-density of a 9ui»- j 
stance is commonly understood the relative density aa measured by J 
this ratio. 

The process most frequently employed for the determination of a 
tliis element is that invented by Dumas, 

279, Domas' Uethod. — The apparatus consists of a glass globe B, I 
containing the substance which is to be converted into vapour. 

The globe is placed in a vessel C, containing some liquid whioh I 
can be raised to a suitable temperature. If the substance to be . I 
operated on is one wliich can be vaporized at 100°C., tlie bath con- J 
sists simply- of boiling water. When higher temperatures are,! 
required, a saline solution, oil, or a fusible alloy is employed. In fdl I 
cases, the liquid should be agitated, that its temperature may be tfaft J 
same in all parts. This temperature is indicated by the thenno-l 
meter t 

When the substance in the globe has attained its boiling-poini^ J 
evaporation proceeds rapidly, and the vapour escapes, carrying c 
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tlie air along with it. When the vapour ceaaes to issue, we may 
assume, if the quantity of matter originally taken has been suffi- 
ciently large, that all the 
air lias been expelled, and 
that the globe is full of 
vapour at the temperature 
given by the thermometer, 
and at the externa! pres- 
sure H. The globe is then 
hermetically seated at the 
extremity p of the neck, 
which lias been previously 
■drawn out into a fine tube. 
S80. Calculation of the 
Experiment. — As already 
remarked, the densities of 
vapours given in treatises " „j^ .oa.-n.mu- A,.j*™ia^ 

on chemistry express the 

ratio of the weiglU of a given volume of the vapour to that of tlie 
same volume of air at the same temperature and pressure. In order 
to deduce this ratio from the preceding experiment, we must 6rst find 
the weight of the vapour. This is done by weighing the globe with 
its contents, after allowing it to cool. Suppoaetlie weight thus found 
to be W. Before the experiment the globe had been weighed full of 
dry air at a known temperature t and pressiu-e /i. Suppose this 
weight to be W; the difference W — W evidently represents the 
excess of the weight of the vapour above that of the air. If, then, 
we add W — W to the weight of the air, we shall evidently have the 
weight of the vapour. Now the weight of the air is easily deduced 
from the known volume of the globe. If V denote this volume at 
zero expressed in litres, the weight in grammes of the air con- 
tained in the globe at the time of weighing is 

V(l + K() 1-293X— L- . A, 
^ ' 1 + aX fm 

R denoting the coefficient of cubical expansion of glass, and a the 
coeiBcient of expansion of air. The weight of the vapour contained 
in tlie globe is consequently 

' l + at 700 

Let H be the pressure, and T the temperature at the time of sealing 
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tbe globe. The volume occupied by tlie vapour under these circum- 
stances was V (1 + K.T). The density of the vapour will therefore | 
be obtained by dividing A by the weight of this volume of air »t the 
same temperature and pressure. But this weight is 

4'.V(l + KT>.I.:»3._'-^.j=; 

hence, finally, the required relative density is 

W-W' + V{l + K().l-2B3.-i- * 



^ V(l+KTl.r293.^-J^.^^ 

The correctness of this formula depends upon the assumption that 
no tiiv is left in the globe. In order to make sure that this condi- 
tion is fulfilled, the point p of the neck of the globe is broken off 
under mercury; the liquid then rushes in, and, together with the ] 
condensed vapour, fills tbe globe completely, if no air has been left j 
behind. 

This last operation also afibrds a means ofcalculating the volume V; 
for we have only to weigh the mercury contained in the globe, or to 
measure it in a graduated tube, in order to ascertain its volume at I 
the actual temperature, whence the volume at zero can easily be 
deduced. 

381. ExEunple. — In order better to illustrate the method, we shall I 
Lake the following numerical results obtained in an investigation of j 
the vapour- density of sulphide of carbon : — 

Excess of weight of vapour above weight of air, W—W=:S gramme; J 
temperature of tbe vapour T=r5S)°; external pressure H=752'5 milli- 1 
metres ; volume of the globe at a temperature of 1 2°, 1 90 cubic centi- | 
metres; temperature of the dry air which filled the globe at the time J 
of weighing, (=15°; pressure /(^765; K= .ji-Q^- 
Tlie volume V of the globe at zero is 

190 
rs- = 18SB* cubic centimetre« = *18BlH litre. 



The weight of the air contained in tbe globe is 

■18994x1-293. (l + — - ^ . — ^ 

V 38700^ 1 + 12 » .00360 760 

Weight of the vapour. 
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7ea-c 



The weight of the same votatne of air at the same temperature and 
pressure is 

The density is therefore 

-20019 



= 3-87. 



Deville and Troost have effected several improvements in the appli- 
cation of Dumaii' metliod to vapoura at high temperatures. These 
temperatures are obtained by boiling various substances, such aa 
chloride of zinc, cadmium, which boils at 860°C., or zinc, which boils 
at in-lO'C. For temperatures above 800°, the glass globe is replaced 
by a globe of porcelain, which is bermetically sealed with the oxyhy- 
drogen blowpipe. The globe itaelf serves as a pyrometer to deter- 
mine the temperature; and since the weight of air becomes very 
inconsiderable at high temperatures, some heavier vapour, such as 
that of iodine, is substituted in its place. If we suppose, as we may 
fairly do, that at these high temperatures the coefficient of expansion 
of the vapour of iodine is the same as that of air, the temperature 
may easily be deduced from the weight of iodine contained in the 
globe. We subjoin a table of some relative densities of vapours 
obtained by this method; — 

Phosphorus, t'6 



Alcohol, laiss 

Ether, 2586 

Spirit of turpentine, . . 5-D130 

Iodine, 8'7tS 

Sulphur, 2-23 



Cwlmi 
Chloride of aluminiiim, . 
Sromide of aluiDlniuin, 
Chlorida of nrconium, . 

Seaquicbloride oE iron, . 



282, Limiting Values of Relative DeneitieB. — In investigating the 
relative density of acetii; acid vapour, Cahours found tlmt it went 
on decreasing as the temperature increased, up to a certain point, 
after which no further change was observabla A similar circum- 
stance is oltserved in the case of all substances, only in different 
degrees. The vapour of sulphur, for instance, has a relative density 
of 6-65 at 500° C, while at about 1000° G it is only 2 23. Tliis 
indicates that the vapours in question are more expansible by heat 
than air until the limiting tem[)eratures are attained. Indeed it may 
be laid down as a general principle, that the nearer a vapour is to 
saturation the greater is the change produced in its absolute density 
by a given change whetlier of temperature or pressure. The limiting 
density-ratio is always that which it is most important to determine, 
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and wti siioiild consequently take care tliat tbe temperature of the 
vapour is sufficiently liigh to enable iia to obtain it. 

283. Qay-Lussac's Method. — Gay-Lussac detennined the density of 
tlie vapour of water and of soiua other liquids by a method a little 
moiB complicated than that described above, and which for that 
reason has not been generally adopted in tbe laboratory. We proceed 
to describe it, however, on account both of its bistoncal interest and 
of the importance of the question which it has assisted in solving. 

A graduated tube divided into cubic centimetres, suppose, is filled 
with mercury, and inverted in a cast-iron vessel containing the same 
liquid. Tlie inverted tube is surrounded by a glass envelope con- 
taining water, as in DalLon's apparatus. A small glass bulb contain- 
ing a given weight w {expressed in grammes) of distilled water is 
passed into the tube, and rises to the surface of tbe mercurj'. Tbe 
tem^ierature of tbe apparatus is then 
raised by means of a fiie below, the bulb 
bursts, and the water which it contaiued 
is converted into vapour. If the quan- 
tity of water be not too great, it is all 
converted into vapour; this ia known 
to be the case when, at the temperature 
of about 1 00°, the mercury stands higher 
in the tube than in the vessel, for if 
there were any liquid-water present, 
tbe space would be saturated, and tbe 
tension of the vapour would be equal to 
the external pressure. Tliis arrange- 
ment accordingly gives the weight of a 
known volume of tlie vapour of water. 
; be read upon the graduated tube, ia 
equal to V (1 -fKT), V being the number of divisions occupied by 
tlie vapour. The temperature T is marked by a thermometer im- 
mersed in the water contained in the envelope. Tbe tension of the 
vapour ia evidently equal to the external pressure mintta the height 
of the mercury in the tube. 

In oi-der to find the relative density, we must divide w by the 
weight of a volume V (1 -|- KT) of air at the temperature T and pres- 
sure H— /i, giving 




This volume, which may at o 
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The relative density of the vapour of water, as thus determined by 

Gay-Lussac, ia about J, or ■625. Sevei-al recent investigations have 

given as mean result 022, which agrees with the theoretical density 

deduced from tlie composition of water,' 

284. Volume of Vapour formed by a given Weight of Water, — When 

the density of the vapour of water is known, the increa.se of volume 

which occiura when a given quantity of water passes into the stiite 

of vapour may easily bo calculated. Suppose, for instance, that we 

wish to find the volume which a cubic centimetre of water at 4° will 

occupy in the state of vapour at 100". At tliis temperature the 

tension of the vapour is equal to one atmosphere, and its weight is 

equal to '622 times the weight of tlie same volume of air at the same 

temperature and pressure. If then V be the volume in litres, we 

have (in grammes) 

V * 1-2B3 X — 1— X 633=1, 
1 + lOOa ' 

whence 

V=,4+l«>" . = >m =l-fiSa lil.=160S cuUo cent!metr«i. 



Hence we see that water at 4° gives about 1700 times its volume of 
vapour at 100° C. 

The latent heat of evaporation is doubtless connected with this 
increase of volume; and it may be remarked that both these elements 
appear to be gi-eater for water than for any other substance. 

' Water is oompoaed of S volumss oF hydrogen, uid 1 volume of aijgen, farming 2 
Toluraes of vapour of water. The lum of Che deniity of oxygen uul twice the dencity at 
hydrogen ia I'Slj, and the half of tbii u exactly -622.— i>. 
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285. Hmnidity. — The condition of tbe air as regards moisture 
involves two distinct elements: (1) the amount of vapour preaent 
in the air, and (2) the ratio of this to the amount which would 
saturate the air at the actual temperature It is upon the second of 
these elenienta that our seusatious of drj'ness and moisture chiefly 
depend, and it is this element which meteorologists have agreed to 
denote by the term humidlly; or, as it is sometimes called, relative 
humidity. It is usually expressed as a percentage; for example, if 
the weight of vapour present is seven-tenths of that required for 
saturation, the humidity is said to be 70. 

The words humid and moist, as applied to air in ordinary laa- 
guoge, neaily correspond to this technical use of the word humidity; 
and air is usually said to be dry when its humidity is condderably 
below the average. In treatises on physics, "dry air" usually 
denotes air whose humidity is zera 

The air in a room heated by a hot stove contains as much vapour 
weight for weiglit as the open air outside; but it is drier, because its 
capacity for vapour is greater. In like manner the air is drier at 
noon than at midnight, though the amount of vapour present is about 
tbe same; and it is for the most part drier in summer than in winter, 
though the amount of vapour present is much greater. 

Bearing in mind that a cubic foot of air is able to take up the same 
amount of vapour as a cubic foot of empty space, we may deline the 
humidity of the air as the iveight of aqueoua wpour in a given 
voluTTie of air, expressed as a percentage of the weight of vapour 
at saturation which vxmld occujty the same volume at the actual 
temperature. 

Also, since aqneous vapour nearly fulfils Boyle's law, the humidity 
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of the air may be obtained by comparing tlifi tension of tbe vapour 
present in the air with the maximei/m. tension for the actual tempera- 
ture. 

386. Dew-point, — When au: containing aqueous vapour is gradually 
cooled at constant pressure, its density increases, and the rate of 
increase is sensibiy the same for the vapour aa for the dry air with 
which it is misetl (inasmuch an vapours not in contact with their 
liquids nearly fulfil Gay-Lusaac's law), until a point is reached at 
which the density of tiie vapour becomes equal to the maximum 
density corresponding to the temperatura This temperature is called 
the dew-point of the given mass, and any furtiier reduction of tem- 
perature will be accompanied by the condensation of a portion of the 
vapour, which will take the form of dew, rain, snow, or hoar-frost, 
according to circumstances. If the cooUng is produced by the low 
temperature of the sides of the containing vessel, the deposit will he 
dew or hoar-frost, according as the temperature of the sides is above 
or below the freezing-point. If the cooling takes place in the 
interior of the mass of air, the deposit will be rain or snow, accord- 
ing as the temperature of deposition is above or below the freezing- 
point. 

In the operation of cooling down to the dew-point, the density of 
the vapour, as we have seen, increases. Let t denote the initial 
temperature, and T the dew-point, and let d and D be the densities 
of the vapour at these temperaturea Then we have, by Gay-Lussao's 
law, 

l-l-aT 
But the tension of the vapour is not sensibly chavged by the opera- 
tion, since the whole pressure is by hypothesis preserved constant, 
and the changes of temperature and volume affect the dry and the 
vaporous constituent nearly alike. 

If the reduction of temperature from i to T took place at constant 
volume (in a closed receiver, for example), we should then have 

p and P denoting the vapour-tensions at the temperatures ( and T; 
and the density would remain constant, since no vapour enters or 
escapes. In this case the vapour would not begin to be condensed 
till a somewhat lower temperature had been attained. 

287. Hygroscopes. — Anything which serves to give rough indica- 
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tions of tlie Htate of the air as regards moisture may be called a 
hygroscope (vypot, moist). Many Kubstances, especially those which 
are composed of organic tissue, have the property of absorbing the 
moisture of the surrounding air, until they attain a condition of 
equihbrium, such that their affinity for the moisture absorbed is 
exactly equal to the force with which the latter tends to evaporate^ 
Hence it follows that, according to tlic dampness or dryness of the 
air, such a substance will absorb or give up vapour, either of which 
process^ ia always attended with a variation in the dimensions of the 
body. The nature of this variation depends upon the peculiar stmc- 
ture of the substance; thus, for instance, bodies formed of filaments 
exhibit a greater increase in the direction of their breadth than of 
their length. Membranous bodies, on the other hand, such as paper 
or parchment, formed by an interlacing of fibres in all directions, 
expand or contract almost as if tliey were homogeneous. Bodies 
composed of twisted fibres, aa ropes and strings, swell under the 
action of moistiire, grow shorter, and are more tightly twisted. The 
opposite is tlie case with catgut, wliich is often employed in popular 
by gri scopes, 

288. HygTometerB. — Instruments intended for furnishing precise 
measurements of the Btat« of the air as regards moisture are called 
hygrometers. They may bo divided into four classes: — 

1. Hygrometers of absorption, which should rather be called 
hygroscopea 

2. Hygrometers of condensation, or dew-poinfc 
instruments. 

3. Hygrometers of evaporation, or wet and 
dry bulb thermometers. 

4. Chemical hygrometers, for directly measur- 
ing the weight of vapour in a given volume of 

289. De Saussnre's Hygrometer.- — Tiie best 

hygrometer of absorption is that of De Saussure, 

cunaisting of a hair deprived of grease, which by 

its contractions moves a needle (Fig. 2C6). When 

the hair relaxes, tlie needle ia caused to move in 

tx B.u»«l^'i'iijgiD«iip.. the opposite direction by a weight, which serves 

to keep the hair always equally tight The hair 

contracts as the humidity increases, but not in simple proportion, 

and Regnault's investigations have shown that, unleas the most 
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minute precautions are adopted in the construction and graduation 
of each individual instrument, this hygrometer will not furnish 
definite numerical measures. 

Fig. 267 represents Mon- 
nier's modification of De Saus- 
sure's liygrometer, in which 
the hair, after passing over 
four pulleys, is attached to a 
light spring, which serves in- 
stead of a weight, and gives 
the advantage of portahi- 
lity. 

These instruments are never 
employed for scientific pur- 
poses in tliis country. 

390. Dew-point Hygrometers. 
— These are instruments for 
the direct observation of tlie 
dew-point, hy causing moists 
ure to be condensed from the 
air upon the surface of a body artificially cooled to a known tempera- 
ture. 

The dew-point, which is itself an important element, gives di- 
rectly, as we have seen in § 286, the tension of vapour ; and if the 
temperature of tlie air is at the same time observed, tlie tension 
requisite for saturation is known. The ratio of the former to the 
latter determines the humidity. 

The principle of these instruments may be illustrated by a descrip- 
tion of their simplest type, the hygrometer of Leroy, a French 
philosopher of tlie last century. 

291. Leroy's Hygrometer. — The instrument con- 
sists of a tin vessel containing water, in which a 
thermometer is immersed. The temperature of 
the water and containing vessel is gradually 
lowered by the introduction of ice, and when it 
has fallen below the dew-point of the adjacent 
air, a portion of the vapour will be condensed as 
dew upon the exterior of the vessel. This is at ouce recognized by 
the metallic surface losing its brilliancy. 

We may observe that the deposition of dew does not begin till the 
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^foini of saXoratioQ has been passed, and that the iodjcation of the 
tbenuometer is coDseqoentlj eomeirbat too low. Leroy proposed ui 
empirical oorrectioQ of half a degree. There are, however, other 
defects in the iostnimeiit ; the use of ice does not afford a »^>e«dy 
aod regular djminotion of temperature; and it is especially objection- 
ahle to place an open vessel contaiDing water in the very place where 
the humidity of the air is to be determined. 

292. Daniell*! Hygrometer. — D&nieil'a hygrometer is an instnimeDt 
of much greater precision, and has been very extensively used. It 
con.sists of a bent tube with a globe at each end, and is partly filled 
with ether. The rest of the space is occupied with vapoor of ^ber, 

the air having been expelled. One of the 
globes A contains a thermometer t. This globe 
is generally made of black glass, which presenta 
a brilliant surface. The method of using the 
instrument is as follows: — Tlie whole of the 
liquid is tirst passed into the globe A, and then 
the other globe B, which is covered witJi muslin, 
is moistened externally with etfaer. Tbe evapo- 
ration of tliis ether from the muslin causes • 
partial condensation of vapour of ether in the 
interior of tbe globe, which produces a fresh 
evaporation from the surface of the liquid in A, 
thus lowering the temperature of that part of the instrument By 
carefully watching the surface of the globe, the exact moment of 
the dei^tsition of dew may be ascertained. The temperature is then 
read on the inclosed thermometer. This temperature is a little lower 
than the dew-point. 

If tbe io.strument be now left to itself, the exact moment of the 
disappearance of the dew may be observed; this corresponds to an 
indicated temperature a little above the dew-point, and the usual 
plan is to take the mean between this tempemture and that first 
observed. The temperature of the surrounding air is given by a 
thermometer t' attached to the stand 

Daniell's hygrometer, though capable of furnishing accurate in- 
dications, has some defects, which have been removed by the improve- 
ments effected by Regnault. 

293. Regsaolt's Hygrometer. — Regnault's hygrometer consists (Fig, 
270) of a glass tube closed at the bottom by a very thin silver cap D. 
The opening at the upper end is closed by a cork, through wbidi 
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9 the 3tem of a thermometer T, and a glass tube t open at botli 
ends. The lower end of the tube and the bulb of tlie tbei-mometer 
(lip into ether contained in the silver cap. A aide tube establishes 
communication between this pait of the apparatus and a vertical 
tube W, which ia itself connected with an aspirator' A, placed at a 
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convcuiiint distance. By allowing the water in the aspirator to 
escape, a current of air is produced through the ether, which has tlie 
effect of keeping the liquid in agitation, and thus pi-oducing uniform- 
ity of temperature throughout the whole. It also tends to Iiusten 
evaporation ; and the cold thus produced speedily causes a deposition 
of dew, which is observed from a distance with ^t telescope, thus 
obviating the risk of vitiating the observation by tlie too close 
proximity of the observer. The observation ia facilitated by the 
contra-st offered by the appearance of the second cap, which haa no 
communication with the first, and contains a thermometer for giving 
the tenipeniture of the external air. By regulating the flow of liquid 
from tlie aspirator, the temperature of tlie ether can be very nicely 
■ controlled, and the dew can be made to appear and di.sappear at 
temperatures nearly identical. The mean of the tv/o will then very 
accurately represent the dew-point. 

The liquid employed in Regnault's hygrometer need not be ether. 

' An aspirator ia a vesstl into which sir ta aucked kt the top to mpply the plBC« of waler 
which ia iJlowed to eicap« at the bottom; gr, mure ganemll)', it ia any uppuratui for lucking 
. In lUT or ga*. 
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Akobcd, a much leas ToUtile liquid, trill snffioe. This is an impi 
advantage ; for, since the boiling-point of ether is 36^ C. (97° F.), it is 
not easy to preserve it in hot climates. 

294. Wet and Dry Bulb Kygromelei. — This instrument, which is 
also called Mason's hygrometer, and is known on the Continent as 
Aogost's psydirometer, consists [Fig. 271} of twu precisely similar 
tbenoometers, moimted at a short distance from each other, the bulb 
of one of them being covered with muslin, J 
which is kept moist by means of a cotton | 
wick leading from a vessel of water. Tim I 
evaporation which takes place from tbs 1 
moistened bulb produces a depression <^'l 
temperature, so that this tfaermometer reads f 
lower than the other by an amount which J 
increases with the dryness of the air. Thel 
instrument must be roonnted in such a way 1 
that the air can circulate very freely around I 
the wet bulb; and the vessel containing the J 
water should be small, and should be placed J 
some inches to the side. The level of tEu | 
vessel must be high enough to furnish i 
supply of water wbich keeps the muslin I 
thoroughly mrast, but not liigh enough i 
cause a drop ta form at the bottom of t 
bulK Unless these precautions are obserrec 
the depression of temperatiu^ will not 1 
sufficiently greet, especially in calm weaihei 
In frosty weather the wick ceases to a 
and the bulb must be dipped in water some time before taking t 
obsei-vation, so that alt the water on the bulb may be frozen, i 
little time allowed for evaporation from the ice before the reading 1 
taken. 

The great facility of observation afforded by this instrument 
bnH^t it into general use, to the practical exclusion of other foi 
of hvjcnxneter. As the theoretical relation between the indicatii 
L 4f am two tkerniometera and the humidity as well as the dew-poinf 
e K nthcr complex, and can scarcely be said to be kno< 
■■■ty, it is usual, at ]<!ti.st in this country', to effect 
I ^TMtiin of tables which have been empirically constraci 
^^im -with tb« indications of a dew-point instrument 1 
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tables universally employed by Britisli observers were constructed 
by Mr. Glaisher, and are based upon a comparison of the simultaneous 
readings of the wet and diy bulb thermometers and of Darnell's 
hygrometer taken for a long series of years at Greenwich observatory, 
combined with some similar observations taken in India and at 
Toronto.^ 

According to these tables, the difference between the dew-point 
and the wet-bulb reading bears a constant ratio to the difference 
between the two thermometers, when the temperature of the dry- . 
bulb thermometer is given. When this temperature is 53° F., the 
dew-point is as much below the wet-bulb as the wet-bulb is below 
the temperature of the air. At higber temperatures the wet-bulb 
reading is nearer to the dew-point than to the air- temperature, and 
the reverse is the case at temperatures below 53°. 

In order to obtain a clue to the construction of a rational formula 
for deducing the dew-point from the indications of this instrument, 
we shall assume that the wet-bulb is so placed that its tempeiuture 
is not sensibly affected by radiation from surrounding objects, and 
hence that the heat which becomes latent by the evaporation from 
its surface is all supplied by the surrounding air. When the tem- 
perature of the wet-bulb is falling, heat is being consumed by eva- 
poration faster than it is supplied by tlie air; and the reverse is the 
case when it is rising. It will suffice to consider the^case when it is 
stationary, and when, consequently, the heat consumed by evapo- 
I ration in a given time is exactly equal to that supplied by the 
,ir. 
Let t denote the temperature of the air, which is indicated by the 
I dry-bulb thermometer; f the temperature of the wet-bulb; T the 
I temperature of the dew-point, and let/,/, F be the vapour- tensions 
I corresponding to saturation at these three temperatures. Then, as 
' shown in § 280, the tension of the vapour present in the air at its 
actual temperature t is also equal to F. 

We shall suppose that wind is blowing, so that continually fresh 
I portions of air come within the sphere of action of the wet-bulb. 
' Then each particle of this air experiences a depression of tempemtm-e 
I and an increase of vapour- tension as it comes near the wet-bulb, from 
both of which it afterwards recovers as it naoves away and mixes 
L with the general atmosphere. 

' The fint edition ot the»e Tables diffo™ cotuidembly from the real, ud a nover nwd; 
■ Imt there hiu been no nmCeriKl alteration aaoe the eeoond edition (IfiCS). 
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If now it ia legitimate to assume' that this depression of tempera- 1 
ture and exaltation of vapour- tension are always projwrtional to one 1 
another, not on!y in comparing one particle with itself at diflerent 1 
times, but also in comparing one particle with another, we have the I 
means of solving our problem ; at all events, if we may make the I 
additional assumptions that a portion of the air close to the wet- I 
bulb is at the temperature of the wet-bulb, and is saturated. I 

On these assumptions the greatest reduction of temperatm-e of tbe I 
air 13 t—t', and the greatest increase of vapour -tens ion is/'— F, and I 
the corresponding changes in the whole mass are proportional to J 
these. The three temperatures (, i', T must therefore be so related, I 
that the heat lost by a mass of air in cooling through the range i— (',.1 
is just equal to the heat which becomes latent in the formation of aa I 
much vapour as would raise the vapour-tension of tlie mass by the I 
amount/— F. I 

Let h denote the height of the barometer, s the specific heat ofv 
air (Chap, xxxi.j, D the relative density of vapour (§ 278A.), L the I 
latent heat of steam. I 

Then the mass of the air is to that of the vapour required to pro<l 
duce the additional tension, as h to D (/'— F), and we are to have I 

or I 

/■^r.(.-o'..^. (1) I 

which is the required formula, enabling u.^ with the aid of a table 1 
of vapour- tensions, to determine F, and therefore the dew-point T, I 
when the temperatures (, t' of the dry and wet bulb, and the height h I 
of the barometer, have been observed. The expi-essiou for the rela- I 
tive humidity will be y lUO, J 

Properly speaking, s denotes tlie specific heat not of drj' air but ofj 
air containing the actual amount of vajwur, and therefore dependflil 
to some extent upon the very element which is to be determined j I 
but its variation is inconsiderable. L also varies with the known I 

' The UBuraptinn which Dr. ApjoJin actually mnkes isna ful!owa:~"W]]eD iiT Uw mcoit- I 
bulb byjpvtneter the sladonary temperature U allained, tli« CEdork- which rspoiues tlwl 
WKter ia necesBanly eiactl; eqiiid to that which the ajr imparta ia deaceDding from th*il 
tempenture of the atinoiiphere to that of the moisten ed liulb; and the air which bM tmds^ I 
gone tbii raduction beuomes aaturated with moiiture '' [Trana. R.J.A. Nov. 1834). I 

Thii implies that un1<iu air passea near enough to the wet.liulb to become completaly I 
Baturated, it experiencea no depreuion of temperature whatever — a very bnnh Eiippoutionj I 
but August iodependeBtly makes the raute Maumption. I 
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quantity 1', Ijut its variations are also small within the limits which 
occur in practice. The factor ^o ™iy therefore he regarded as con- 



stant, and its value, i 
formula. 



I adopted by Dr. Apjohn for the Fahrenheit 
We thus obtain what is known as Apjokn's 



When the wet-bulb is frozen, L denotes the anm of the latent heats 
of liquefaction and vaporization, and the formula becomes 



p^r- 



tst 



In calm weather, and also in very dry weather, the humidity, as 
deduced from observations of wet and dry thermometers, is generally 
too great, probably owing mainly to the radiation from surrounding 
objects on the wet-bulb, wJiich makes its temperature too high, 

295. Chemical Hygrometer. — The determination of the quantity of 
aqueous vapour in the atmosphere may be effected by ordinary 
chemical analysis in the following manner: — 

An aspirator A. of the capacity of about 50 litres, communicates at 
its upper end with a system of U-tubes 1, 2, 3, 4, 5, 6, 61Ied with 



^ 
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pieces of pumice soaked in sulphuric acid. The aspirator being full 
of water, the stop-cock at the bottom ia opened, and the air which 
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enters tbe aspirator to take the place of the water is obliged to piisa ! 
through the tubea, where it leaves all its moisture behind. TbiB 1 
moisture is deposited in the first tubes only. Tiie lost tube is I 
intended to absorb any moisture that may come from the aspirator. I 
Suppose w to be the increase of weight of the first tubes 4, 5, 6 ; thia I 
is evidently the weight of the aqueous vapour contained in the air I 
which has passed through the apparatus. The volume V of this air, I 
which we will suppose to be expressed in litres, may easily be found 1 
by measuring the amount of water which has escaped. This air 
has been again saturated by contact with the water of the aspirator, 
and the aqueous vapour contained in it is consequently at the maxi- 
mum tension corresponding to the temperature indicated by a ther- 
mometer attached to tlie apparatus. Let this tension be denoted j 
by / The volume occupied by this air when in the atmosphere, I 
where the temperature is T, is k nown by the regular furmulse to have | 
been 

„ H-/ l+aT 
■ H-i'l + al' 

X denoting the tension of the aqueous vapour in the atmosphere, and 1 
K the total atmospheric pressure as indicated by the barometer ; and. J 
since the relative density of steam is 622, and the weight of a litre j 
of air at temperature 0° C. and pressure 760 mm. is 1293 gramme, j 
the weight of vapour which this air contained must have been 



which must be equal to the known weight w, and thus we have a 
eriuation from which we find 

^ • uifl + aQ 7a OH 

V (H-/) X -622 X 1-283 + w (1 + oi) 700' 

A good approximation will be obtained by writing 



This method has all the exactness of a regular chemical analysis, 
but it involves great labour, and is, besides, incapable of showing 1 
the sudden variations wliich often occur in the humidity of the 1 
atmosphere. It can only give the mean quantity of moisture in a ^ 
given volume of air during the time occupied by the expeiimentk i 
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Its accuracy, however, renders it peculiarly suitable for checking the 
results obtained by otlier methods. 

296. Weight of a given Volume of Moist Air. — The laws o£ vapours 
and the known formulis of expansion enable us to solve a problem 
of very frequent occurrence, namely, the determination of the weight 
of a given volume of moist air. Let V denote the volume of this 
air, H its pressure, / the tension of tlie vapour of water in it, and ( 
its temperature. The entire gaseous mass maj' be divided into two 
parts, a volume V of dry air at the temperature t and the pressure 
H— / whose weight is, by the known formulie. 



and a volume V of aqueous vapour at the temperature t and the 
■e /; the weight of this latter is 



The sum of these two weights is the weight required, viz 



297, Batio of the Volumes occupied by the same Air when saturated 
at Different Temperatures and Presaurea. — Suppose a mass of air to 
be in presence of a quantity of water which keeps it always saturated; 
let H be the total pressui-e of the saturated air, { its temperature, and 

V its volume. 

At a different temperature and pressure i' and H', the volume 
occupied V will in general be different. The two quantities V and 

V may be considered as the volimies occupied by a mass of dry air 
at temperatures ( and (' and pressures H — / and H'— /'; we have then 
{§ 201) the relation 



"V _H'-/' 
V- H-/- 



(1) 



In passing from one condition of temperature and pressure to another, 
it may be necessary, for the maintenance of saturation, that a new 
quantity of vapour should be formed, or that a portion of the vapour 
should be condensed, or again, neither the one nor the other change 
may take place. To investigate the conditions on which tliese alter- 
natives depend, let D and D' be the maximum densities of vapour at 
the temperatures ( and t' lespectively. Suppose we have t'> t, and 
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that, without aJtering the pressure /, the temperature of the rapoor 
is raised to t', all contact with the generating liquid being prevented. 
The vapour will no longer remain saturated; but, on increasing the 
pressure to /', keeping the temperature unchanged, saturation will 
again be produced. This latter change does not alter the actual 
qoantjty of vapour, and if we suppose its coefficient of ex}«nsion to 
be the sfune as tliat of air, we shall have ^ 201) 

?=/.L±-', (2) 

D- f 1 + 0** ^' 

and, by multiplying together eqaations (I) and (2), we have 



% 



VD _ a.'f-r 



m 



From this result the following particular concloaions may be de- 
duced: — 

1. If HY=H/', VDrrVD', that is, the mass of vapour ia the same 
in both cases; consequently, neither condensation nor ev^xiration 
takes place. 

2. If H/=- H/', VD> V'I>', that is. partial condensation occurs 

3. If H'/ *H/', VD ^VD', that is, a fresh quantity of vapour is 
required to maintain saturation. In this case the formula (1) can 
only Vte applied when we are sure that there is a sufficient excess of 
liquid to produce the fresh quantity of vapour which is required. 

The general formulie (1), (2), {S) furnish the solution of many 
particular problems which may be proposed by selecting some ons 
of the variables for the unknown quantity. 

29S. Aqueous Meteors. — Tlie nnme Tneteor, from the Greek funupot, 
aloft, though more especially applied to the bright objects otherwise 
called shooting-stars and their like, likewise includes all the various 
phenomena which have their seat in the atmosphere; for example, 
clouds, rain, and lightning. This use of the word meleor is indeed 
somewhat rare; but the correlative term meteorology is invariably 
employed to denote the science which treats of these phenomena, in 
fact, the science of mattera pertaining to iveafher. 

By aqueous meteors are to be understood the phenomena which 
result from the condensation of aqueous vapour contained in the air, 
such as rain, dew, and fog. This condensation may occur in either 
of two ways. Sometimes it is caused by the presence of a cold body, 
which reduces the film of air in contact with it to a temperature 
below the dew-point, and thus produces the liquefaction or solidifict^ 
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lion of a portion of its vapour in the form of dew or hoar-frost The 
circumstuDces connected with the formation of dew will be treated 
in Chapter sxix. All that we need remark now is that it essentially 
consists in tlie deposition of moisture on the very body whose low 
temperature causes the condensation. 

When, on the contrary, the condensation of vapour takes place in 
the interior of a large mass of air, the resulting liquid or solid falls 
in obedience to gra^-ity. This is the origin of rain and snow. 

299. Cloud and Uist. — Wlien vapour is condensed in the midst of 
the air, the first product is usually «i)s( or cloud, a cloud being 
merely a mist at a great elevation in the air. 

Natural clouds are similar in constitution to the cloudy substance 
which passes off from the surface of hot water, or which escapes in 
puffs from the chimney of a locomotive. In common language this 
substance is often called steam or vapour, but improperly, for steam 
is, like air, transparent and invisible, and the appearance in question 
is produced by the presence of particles of liquid water, which have 
been formed from vapour by cooling it below its dew-point. 

Naturalists are not agreed as to the nature of these particles, the 
difference of opinion having arisen in the attempt to explain their 
suspension in the atmosphere. Some have endeavoured to account 
for it by maintaining that they are hollow;' but even if we could 
conceive of any causes likely to lead to the formation of such bubbles, 
it would furnish no solution of the difficulty, for the air inclosed in 
a bubble is no rarer, but in fact denser, than the external air (§ 97 b) ; 
the bubble and its contents are therefore heavier than the air which 
it displaces. 

It is more probable that the particles are solid spheres differing 
only in size from rain-drops. It liaa been urged against this view, 
that such drops ought to exhibit rainbows, and the objection must 
be allowed to have some weight The answer to it is probably to 
be found in the excessive amallness of the globules. Indeed, the non- 
occurrence of bows may fairly be alleged as proving that the dia- 
meters of the drops are comparable with the lengths of waves of 
light. 

This smallness of the particles is amply sufficient to explain all the 
observed facts of cloud suspension, without resorting to any special 
theory. It probably depends on the same principle as the suspension 
« csJ] them tesicla irtsiea, a bladder], nnd call mbt nr doud 
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of the motes wliich are rendered visible when a beaui of sunlight 
traverses a darkened room. It is true that these motes, which are 
small pai'ticles of matter of the most various kiads, are never seen 
resting stationary' in the air ; but neither are the particles which 
compose clouds. All who have ever found themselves in mountain 
mists must have observed the excessive mobilitj" of their constituent 
parts, which yield to the least breath of wind, and are carried about 
by it like the finest dust. S<3metimes, indeed, clouds liave the 
ap2}earance of being fixed in shape and position; but thb is an 
illusion due to distance wliich renders small movements invisible. 
In many cases, tlie fixity is one of form and not of mat«rial; for 
example, the pei-manent 
cloud on a mountain-top 
often consists of succes- 
sive portions of air, which 
become cloudy by con- 
densation as they pass 
through the cold region 
at the top of the moun- 
tain, and recover tlieir 
transparency as they pass 
F,s. LTs.-L-i.im away. 

300. Varieties of Cloud. 
— The cloud nomenclature generally adopted by meteorologists was 
devised by Howard, and is contained in his work on the climate of 
London. The fundamen- 
tal forms, according to 
him, are three — dmis, 
ciiTHulus, and stratus. 

I. Ci}-rtt8 consists of 

fibrous, wispy, or feathery 

clouds, occupying the 

highest region of the at- 

niiisphere. The name 

ware's-tu'ds, wliich is 

given them by sailors, 

describes their aspect 

wfiU. Tiiey are higher than the greatest elevations attained by 

balloons, and are probably composed of particles of ice. It is io 

this spDcies of clouil. and its derivatives, that haloes are usually 



I 



I 
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I and their observed ibrma and dimensions seem to agree with 
tlie supposition that they are formed by refractions and reflections 
from ice- crystals. 

2, Cumvlua consists of rounded masses, convex above and com- 
paratively flat below. Their form bears a strong resemblance to 
heaps of cotton wool, hence the names balh of cotton and wool-pacfcs 
applied to these clouds by sailors. They are especially prevalent in 
eummer, and are probably formed by columns of ascending vapour 
which become condensed at their upper extremities. 

3. Strahts consists of horizontal sheets. Its situation is low in the 
atmosphere, and its formation is probably due to the cooling of the 

earth and the lower por- 
tion of the air by radia- 
tion. It is very frequently 
formed at sunset, and dis- 
:i|>)i<!ars at sunrise. 

< )f the intermediate 
liij-rns it may suffice to 
mention cirro-cUTuulus, 
which floats at a higher 
level than cumulus, and 
consists usually of small 
roundish masses disposed 
s cloud which forms what 



with some degree of regularity. Thi 
is known as a mackerel sky. 

As a distinct form not included i 



is th 



I Howard's classification, may be 
mentioned scud, the char- 
acteristic of which 18 that, 
from its low elevation, it 
fipjiears to move with 
excessive rapidity. 

Howard gives the name 
of nimhua to any cloud 
which is discharging rajn; 
and, for no very obvious 
reason, he regards this 
Fjg. S7fl.-Kimhai. rain-cloudas Compounded 

of (or intermediate be- 
tween) the three elementary types above defined. 

The classification of clouds is a subject which scarcely admits of 
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precise treatment; the varieties are so eudless, and they shade so 
gradually into one another. 

801. Causes of the Fonnation of Clond and Kist. — Since clouds are 
mtsrely condensed vapour, their formation is regulated by the causes 
which tend to convert vapour into liquid. Such liquefaction implies 
the presence of a quantity of vapour greater than that which, at the 
actual temperature, would be sulHcient for saturation, a condition of 
things which may be brought about by the cooling of a mass of moist 
air in any of the following ways: — 

(!,} By radiation from the mass of air to the cold sky. 

(2.) By the neighbourhood of cold ground, for example, mountain- 
tops. 

(3.) By the cooling effect of expansion, when the mass of air ascends 
into regions of diminished pressure. This cooling of the ascending 
mass is accompanied by a corresponding warming of the air which 
descends, it may be in some distant locality, to supply its place. 

Causes (2) and (3) combine to produce the excessive rainfall 
which generally characterizes mountainous districtsi' 

It is believed that waterspouts are produced by the rapid ascent 
of a stream of air up the axis of an aerial vortex. 

(4.) By the contact and mixture of cooler air,* It is obvious, how- 
ever, that this cooler air must itself be warmed by the process; and 
as both the temperature and vapour-density of the mixture will be 
intermediate between those of the two components, it does not obvi- 
ously follow (as is too often hastily assumed) that such contact tends 
to produce precipitation. Such is however the fact, and it depends 
upon the principle that the density of saturation increases fiister 
tlian the temperature; or, what i.s the same thing, that the curve 
in which temperature is the abscissa and maximum vapour-density 
the ordinate, is everywhere concave upwarda 

It will be sufficient to consider the case of the mixing of two equal 
wlaOMS of saturated air at different temperatures, which we will 
^■hI* by (, and l^. Let the ordinates AA', BB' represent the 
^^Ams of \~apour for saturation at these temperatures, A'-mB' 
t^^ ^ intermediate portion of the curve, and C m the ordinate 

' f^tMl^Ht f^n tit pieMDt known in Great Britain is alnut a mile ■outb of Se«- 
^^■ib^UtayMlMHL *)i«Te the uinual rainfaJ] U kbout 165 inches. The rniniegt place in 
^-^^)g 'fcfc— ' *" beOwm Panjee, in the Kluuyah Mountuni, about SOOmileaN.E, 
AjU^^NBk *ten 4m aoABal Ull u about 610 inchea. 

I ^^^^ aillLVuidtr >ir na? b* icgarded na equivalent to miiiiig ; for vapour dijAuM 
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at tlie middle point of AB, representing therefore the density of 
saturation for the temperature K'l+'s)- When the equal volumes 
are mixed, since the colder inaaa is 
slightly tlie gi'eater, the tempemture of 
the mixture will be something less than 
^(ij+f,), and, if there were no conden- 
sation of vapour, the density of vapour 
in the mixture would lie 4(AA' + BB'} 
= Cn. But the density for saturation 
is something less than C m. The excess 
of vapour is therefore rejiresented by A c B 

something more than vm. Tlie amount Fig. btoi, 

actually precipitated will, however, be less 

than this, since the portion which is condensed gives out its latent 
heat, and thus contributes to keep up the temperature of the 
whole. 

The cause here indicated combines with (3) to produce condensa- 
tion when masses of air ascend. 

On the surface of the earth mists are especially frequent -in the 
morning and evening; in the latter ease extending over all the sur- 
face; in the former ]irincipally over rivers and lakes. Tlie mists of 
evening are due simply to the rapid cooling of the air after the heat 
of the sun has been withdmwn. In the morning another cause is at 
work. The gieat specific heat of water causes it to cool much more 
slowly than the air, so that the vapour rising from a body of water 
enters into a colder medium, and is tliere pai-tly condensed, foiming 
a mist, which, however, confines itself to the vicinity of the water, 
and is soon dissipated by the heat of the rising sun. 

802. Rain. — In what we have stated regarding the constitution of 
clouds, it is implied that clouds are always raining, since tlie drops 
of which they are composed always tend to obey the action of gravity. 
But, inasmuch as there is usually a non-saturated region intervening 
between the clouds and the surface of the earth, these drops, when 
veiy small, are usually evaporated before they have time to reach 
the ground. Ordinarj- rain-drops are formed by the coalescing of a 
number of these smaller particles. 

By the amount of annual rainfall at a given place is meant the 
depth of water that would be obtained if all the rain which falls 
there in a year were collected into one horizontal sheet; and the 
deptli of rain that falls in any given shower is similarly reckoned. 
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U is tlie depth of Uie pool which would be formed if the ground 
were perfectly liorizonlal, and none of the water could get away. 
The initntnient employed for detenaining it is called a Tain-gauge. 
It has various forms, one of which is repreaented io 
the adjoining figure. B is a funnel into which the 
rain falU, and from which it trickl&s into the reservoir 
A. It is drawn oft' by means of the stop-cock r, and 
measured in a graduated glas.s, each division of which 
cori'e«pon<l8 to i-Jb- of an inch of rain.' 

It is essential that the receiving surface— the top of 
tlie funnel — should be truly horizontal, otherwise the 
gauge will catch too much or too little according to 
the direction of the wind. 

The heat place for a rain-gauge is the centre of a 
level and open plot; and the height of ita receiving 
surface should be not less than 6 inches, to avoid in- 
iJi*^^. splashing. The roof of a bouse is a bad place on ac- 
count of the eddies which abound there. 
A circumstance which has not yet been fully explained is that the 
higher a gauge is above the ground the less rain it catches. In the 
case of gauges on the top of poles in an open situation, the amount 
collected is diminished by Vyth part of itself by doubling the height 
of the receiving surface, as sliown by comparing gauges in the same 
plot of ground at heights ranging from 6 inches to 20 feet." 

Ky means of tipping-buckets and other arrangements, automatic 
rucottls of i-ainfali are obtained at the principal observatories. The 
best of these pluviometers is Osier's, which, by means of spiral 
iiprings stretched by the weight of the water, furnishes a continuous 
rDUon), until a quarter of an inch has been collected, when the 
Rtaorvoir empties itself, and a fresh record begins. 

The initiiu annual rainfall, according to Mr. Symons, is 20 inches at 
tjliiuulii and Stjimford; 21 at Aylesbury, Bedford, and Witham; 24 at 
Untiloii and ICdinbui^h; 30 at Dublin, Perth, and Salisbury; 33 at 
KKfttU' Hud (.'lifton; 35 to 36 at Liverpool and Mancliester; 40 at 
UhiMtjuW iiTid (.Vu'k; 50 at Galway; 64 at Greenock and Inverary; 86 
h|. llavtlitour; and 91 on Benlomond. 
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303. Snow and Hail, — Snow is probably fojTned by Llie direct pas- 
sage of vapour into the solid state. Snow-flakes, when examined 
under the microscope, are always found to be made up of elements 
possessing hexagonal symmetry. In Fig. 27S are depicted various 
forms observed by Captain Scoresby during a long sojourn in the 
Arctic regions. 

In these cold countries the air is often filled with small crystals of 
ice which give rise to the phenomena of haloes and parhelia. 

Hail is probably due to the freezing of rain-drops in their passage 
through strata of air colder than those in which they were formed. 
Even in tine summer weather, a freezing temperature exists at the 
height of from 10,000 to 20,000 feet, and it is no unusual thing for 
a colder stratum to underlie a wanner, although, as a general rule, 
tlie temperature diminishes in ascen.ding. 
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806. Badiation. — When two bodies at different temperatures are 
brought opposite to each other, an unequal exchange of heat takea 
place through the intervening distance ; the temperature of the hotter 
body falls, while that of the colder rises, and after some time the 
temperature of both becomes the same. This propagation of heat 
across an intervening space is what is meant by radiation, and the 
heat transmitted under these conditions is called 
i-adiant heat Instances of heat communicated by 
radiation are the heat of a fire received by a person 
sitting in front of it, and tlie heat which the earth 
L 1 1 receives from the sun. 

This last instance shows us that radiation as a 
means of propagating heat is independent of any 
ponderable medium. But since the solar heat is 
accompanied by light, it might still be questioned 
wliGther dark heat could in the same way be prop^ 
gated through a vacuum. 

This was tested by Rumford in the following 
way: — He constructed a barometer (Fig. 279), the 
upper part of which was expanded into a globe, 
and contained a theimometer hermetically sealed 
into a hole at the top of the globe, so that the bulb 
of the thermometer was at the centre of the globe. 
The globe was thus a Torricellian vacuum-cli amber. 
By melting the tube with a blow-pipe, the globe 
was separated, and was then immersed in a vessel 
Ivontaining hot water, when tlie thermometer was immediately 
I observed to rise to a temperature evidently higlier than could b& 
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due to the conduction of heat through the stem. The heat had there- 
fore been communicated by direct radiation through the vacuum 
between the sides of the globe and the bulb a of the thermometer. 

306, Badiant Heat travels in Strai^tit Lines. — In a uniform medium 
the radiation of heat takes place in straight lines. If, for instance, 
between a tliennometer and a source of heat, there be placed a num- 
ber of screens, each pierced with a, hole, and if the screens be so 
arranged that a straight line can be drawn without interruption from 
the source to the thermometer, the temperature of the latter imme- 
diately rises; if a different arrangement be adopted, the heat is 
stopped by the screens, and the thermometer indicates no effect. 

The heat which travels along any one straight line is called a ray 
of heat. Thus we say that rays of heat issue from all points of the 
surface of a heated body, or that such a body emits rays of heat. 

Such language may be thought to imply the hypothesis that heat 
ia a substance (caloric) which is accumulated in bodies, and emitted 
by them in all directions. A ray of heat would thus consist of a 
series of molecules of caloric issuing forth one after the other in a 
straight line. But, in fact, the definition which we have just given 
of a ray of heat is independent of any hypothesis, and is simply 
experimentiil ; it amounts merely to the expression of the incontest- 
able fact that the direction of radiation is rectilinear. Whatever 
idea we may form about the nature of heat, it must be such as to 
imply thb rectilinear propagation. 

It is now generally admitted that both heat and light are due to 
A vibratory motion which is transmitted through space by means of 
a fluid called ether. According to this theory the rays of light and 
heat aie lines drawn in all directions from the origin of motion, and 
Along which the vibratory movement advances. 

307. Law of Cooling. — It is often important to know the lav 
A(.<oor^Ung to which a body cools when placed in an inclosure of lower 
l«in)>eni.lnrti than its own; for we are thus enabled to take account 
vt Utti boat which a body loses during the progress of an experiment 
'I'hU law, when stated in such terms as to be applicable to all possible 
tltWwwicwi of temperature and all possible conditions of the surround- 
iUDt U)«di\ini, becomes exceedingly complex; but when the difference 
<jS frMHIMintturu is small, amounting only to a few degrees, the law 
^ItikWII M Nivwtuu's law of cooling can be applied without sensible 
M«viv U U this:— (Ae rate ai which the body loses heat is propor- 
^«ai fc* M» difference between Vie temperature of its surface and 
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' of the inolosu/re. If the body be of sensibly uniform tempera- 
ture throughout its whole mass, as in the case of a vessel with thin 
metallic sides containing water which is kept stirred, or of the quick- 
silver in the bulb of a thermometer, the fall of temperature is pro- 
portional to the loss of heat, and Newton's law as applied to such a 
body asserts that the rate at which the teirvpetuture falls is propor- 
tional to the excess of the temperature of the body above that of the 
incloaure. 

To test this law experimentally, we observe from time to time the 
excess of the temperature of ft thermometer above that of the air in 
which it is cooling. It is found, that, if the observations are made 
at equal intervals of time, the observed excesses form a decreasing 
geometric series. 

To express this fact algebraically, let 0„ denote the initial excess of 
temperature, and — the ratio of the seriea Then the excess at the 
end of a unit of time will be ^, at the end of two units -J, and after 
t units -!; so that if fl denote the excess at Lime (, we have 
e = ?i=fl,m-J. (1) 

One pair of observations is sufficient to determine the value of the 
constant m, which is different for different thermometers. 

By rate of cooling is meant the fall of temperature per unit tiTtie 
which is taking place at the instant considered. This is computed 
approximately by dividing tlie fall of temperature in a small interval 
of time by the length of the interval Its exact value is given by 
the differential calculus, and is 



i 
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1 = lag, m, 



m 



which is proportional to 0, as asserted by Newton's law 

A precisely similar law holds for vjarvrbinff. 

307 A. Cooling; by Radiation in Vacuo. — The cooling of a thermo- 
meter in air is effected partly by the contact of the air, and partly 
by radiation. When the thermometer is placed in the centre of a 
vacuous space, radiation alune can operate, namely, radiation &om 
the thermometer to the walls of the inclosure. The law of cooling 
under these conditions has been investigated experimentally by 
Dulong and Petit, and was reduced by them to a formula which was 
found to be accurate within the limits of experimental error for all 
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the ranges of temperature employed, the excess of the temperature 
of the thennometer above tbat of the walla of the inclosure ran^ng 
from 20° to 2i0° C. They found that the rate of cooling did not 
depend upon the differeuce of temperature alone, but waa faster at 
high than at low temperature:! ; also that, for a given temperature of 
the walls, the rate of cooling was not sinijily proportional to the 
excess, but increased more rapidly. Both these results are expressed 
by their formula 

\ = ca'{a'-l). (3) 

where V denotes the rate of cooling, c and a constants. ( the tem- 
perature of the walls of the inclosure, and 6 the excess of temperature, 
BO that t+B is the temperature of the thermometer. If we denote 
this by (' the formula may be thrown into the more syrametrical 
form 



V^ei«' 



"'). 



(*) 



which suggests the idea that an unequal exchange of heat takes place 
between the thermometer and the walls, the thermometer giving to 
the walls a quantity of heat represented by a'', and receiving in 
exchange' only the quantity a'. The former of these amounts 
Hmains the same at all temperatures of the inclosure, and the latter 
is the same for all temperatures of the thermometer. 

When the temperatures are Centigrade, the constant a is 1 '0077. 
When they are Fahrenheit it is 1 0043, the form of the expreaaion 
for V being unaffected by a change of the zero from which the tem- 
peratures are reckoned. The value of c depends upon the size of the 
bulb and tiome oUier circumstances, and is changed by a change of 
Kro. 

By developing a in ascending powers of fl, it will be found that 
flnnula (3) agrees sensibly with Newton's law when the excess of 
iH^ierature does not exceed a few Jegrees. 

SSS. l*w of Inverse Squares. — If we take a delicate thermometer 
^Jjli^ '* at successively increasing distancesfrom a source of heat, 
^toWM|«rature indicated by the instrument will exceed that of the 
by decreasing amounts, showing that the intensity of 
^nt diminislies as the distance increases. The law of varia- 

^K V ik* litori, af rirkaniirt, tke host emitted by the thermometer is rai' plui 

. A^Midlng DU UiD leru uf the temperature scale employed, uid the best 

% V llw ll» ume cDiistnnt. It m»y be remarked that the factor c obo 

■a vhich temperfttiirea ore reckoned as well u upon the length 

n the latter only. 
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tion may be discovered by experiment. In fact, when the excess of 
temperature of the thermometer becomes fixed, we know that the 
heat received is equal to that lost by radiation ; but this latter la, by 
Newton's law, proportional to the excess of temperature above that 
of the sun'ounding air; we may accordingly consider this excess as 
the measure of the heat received- It has been found, by experiments 
at different distances,' that the excess is inversely proportional to the 
square of the distance; we may therefore conclude that the intensity 
of the heat received from, any sour-ce of heat -variea inversely as t)te 
square of the distance. 

The following experiment, devised by Tyndall, suppliea another 
simple proof of this fundamental law: — 

The thermometer employed is a Melloni's pile, the nature of which 
we shall explain in § 313. This is placed at the small end of a hollow 
cone, blackened mside, so as to prevent any reflection of heat from 
its inner surface. The pile is placed at S and S' in front of a vessel 
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filled with boiling water, and coated with lamp-black on the side 
next the pile. It will now be obsei-ved that the temperature 

indicated by the pile remains constant for all distances. This result 
proves the law of inverse squares. For the arrangement adopted 
prevents the pile from receiving more heat than that due to the area 
of AB in the first case, and to the area A'B' in the second. These 
are the areas of two circles, whose radii are respectively proportional 
to SO and S'O; and tlie areas are consequently proportional to the 

* The dJDiensioiu of the eource of heat must be Binalt in compamon with the diabuica of 
the thermometer, M otherwisB the distance* o-f differeat parte o[ tho aoaree of heat from 
the Ihennanieter are Bennbl; diSbrent. In this cue, the uoount of heat rccaived variiiS 
directlj as the solid angle lubtended by tbe (outm of heat. 
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squares of SO and S'O. Since, therefore, tbese two areas communi- 
cate tlie same quantity of heat to the pile, the intensity of radiation 
must vary inversely as the squares of the distances SO and S'O. 

The law of inverse squares may also be established a pnori in the 
following manner; — 

•Suppose a sphere of given radius to be described about a radiating 
|HU-tiulu as centre. The total heat emitted by the particle will be 
received by the sphere, and all points on the sphere will experience 
the same calorific effect. If now the radius of the sphere be doubled, 
the surface will be quadrupled, but the total amount of heat remains 
tlie same ivs before, namely, that emitted by the radiating particle. 
Hcnci.1 wo conclude that the quantity of heat absorbed by a given 
iirott on the surface of the large sphere is one-fourth of that absorbed 
by an equal area on the small sphere; which agrees with the law 
fitatod above. 

This demonstration is valid, whether we suppose the radiation of 
boat to consist in the emission of matter or in the emission of energy ; 
for energy as well as matter is indestructible, and remains unaltered 
in amount during its propagation through space. 

809. Law of the Reflection of Heat. — When a ray of heat strikes 
ft polished surface, it is reflected in a direction detennined by fixed 
laws. 

If at the point of incidence, that is, the point where the ray meets 
the HUrfacu, a line be drawn normal or perpendicular to the surface, 
the plane passing through this line and the incident ray is called the 
pUme of incidence. With this explanation we proceed to give the 
Ittwa of the reflection of heat: — 

1. When a ray of heat is reflected by a surface, the line of reflec- 
tion lies in the plane of incidence. 

2, The angle of reflection is equal to the angle of incidence; timt 
ia, the reflected and incident rays make equal angles with the 
normal to the surface at the point of incidence. 

Wo aliall see hereafter that these laws are precisely tlie same as 
thoiw of the reflection of light. In the case of light, they can be veiy 
utriotly verified. And since, in all phenomena involving at once 
huftt and light, we find the same laws holding for calorific as for 
luminous rays, we may consider the demonstration of these laws in 
the cnne of light as sufficient to prove that they hold good for rays 
of lii>at alsa 

310. Burning-mirrors. — The laws of the reflection of heat, however. 
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may be directly verified by some well-known esperimenta, especially 
by means of a concave spherical mirror (Fig. 281), that is, a mirror 
consisting of a portion of a hollow spLero, with its concave side 
polished. The principal axis of this mirror is a line CF passing 
through the centre of the sphere, and through the middle point A 
(which may be called the pole) of the mirror itself. It may easily 
be deduced from the law of reflection that if a pencil of rays parallel 
to the axis are incident upon the mirror, they will all, after reflection, 
pass thi-ough or very near the point F which bisects the radius, and 




is called the principal focus. We may remark that the rays need not 
be parallel to the principal asia; it is only necessary that they be 
parallel to each other, in order that they should meet in a focus situ- 
ated on the line drawn through the centre in a direction parallel to 
the pencil of rays. 

These theoretical conclusions have been verified by experiments 
with burning- mirrors. These are spherical' concave miiTors, turning 
about an axis, so as to receive the rays of the sun perpendicularly 
upon their surface. The heat produced under these circumstances at 
the focus of the mirror, is suflSciently great to infiame any combus- 
tible material placed there, or even to produce more striking efl'ecta. 
Tscbimbausen's mirror, for instance, which was constructed in 1C87, 
and was about 6 J feet in diameter, was able to melt copper or silver, 
and to vitrify brick. Instead of curved mirrors, Buffon employed & 

' Parabolic miirora are perhapn toare frequenll)' eni|ili>;ed for experimenta on tbe reflec- 
tion of heat. All rnyi fulling on a parabolic niiiror punUel to ita oiU uro arcMruUly 
reflected to ilg focus, and all ray» incident upon it from a Bource of heat or light at tho 
focua aie reflected panUlet to the ax\i, 

llw niimin in the ezperimant of g 311 are moet easily ad jutted by first placing a aource 
of light (nich aa the flame of a candle) in one focus, and farming a lumiuous inuge la the 
other. We have thus a convincing proof that heat and light obey the same lawi aa reganU 
direction of reSeotion. 
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number of movable plane mirrorB, which were arranged so that the 
diSereot pencils of heat-rays reflected by them converged to nearly 
the same focus. In this way he 
oljtained an extremely powerful 
effect, and was able, for instance, 
to set wood on fire at a distance 
of between 80 and 90 yards. 
This is the method which Archi- 
medes is said t^ have employed 
for the destruction of the Roman 
fleet in the siege of Sjiacuae; 
and though the trutli of the story 
is considered doubtful, it ts nob 
altogether absurd. 

311. Conjusate Mirrors. — A. 
more rigorous demonstration of 
the laws of the reflection of beat 
is aflbrded by the celebrated ex- 
periment of the conjugate mir- 
rors, which is generally ascribed 
to Pictet of Geiitiva. 

Two spherical mirrors are plac- 
ed at any convenient distance, 
with their concave surfaces to- 
mcds each other and their axes in the same straight line. In the 
pf one of them is placed a small furnace, or a red-hot cannon- 
Mid in the focus of the other some highly inflammable mate- 
BMch as phosphorus or gun-cotton. On exciting the furnace 
wili bellows, the substance in the other focus immediately takes 
b«. With two mirrors of H inches diameter, gun-cotton may thus 
tk Mft OB fire at a distance of more than 30 feet. The explanation 
kWT eKj. The rays of heat coming from the focus of the first 
■■■« «K Mflected in parallel lines, and. on impinging upon the 
^^bB- rf like second mirror, converge again to its focus, and are 
^■i^M^iBKcd upon the inflammnble material pW-ed there. 
^ia^B^aoirat first sight that tljc experiment is not very pre- 
^ms^^mcr* ^ cvmipaxatively large size of the source of heat; but 
•^i^^'^m^ -OA only a very small portion of this actually pro- 
fc serving merely to maintain a sufficiently 
fointH wiiiL'ii really said rays to the focui 
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Again, tbe image of tlie source of lieat which is formed at the focus 
of the Beoond mirror, is so small, that the slightest change in the 
position of either min'or causes the failure of the experiment. Great 




exactness is therefore required to insure success ; and we may con- 
sequently regard the exjierinient as a tolerably severe test of the 
truth of the laws of reflection which have been quoted above. 

812. DlfTerent Properties of Bodies with respect to Radiant Heat. — 
Suppose a quantity of heat denoted by unity to be incident upon 
the surface of a body. This quantity will be divided into several 
distinct parts. 

1. A portion will be regularly reflected according to the law given 
above. If the fraction of heat thus reflected be denoted by -, then 

- ia the measure of the refiecting power. 

2. A portion ~ will he irregularly reflected, and will he scattered 
or diffused through space in all directions. Thus j is the measure 
of the diffusive power. 

3. A portion - will penetrate into the body so as to be absorbed 
by it, and to contribute to raise its temperature ; — is therefore the 
measure of the absorbing power. 



HADUNT HEAT. 

4. Finally, we shall have, in many cases, a fourth portion - , whicli 
parses through the body without contributing to raise its tempera- 
ture This fraction, which exists only in the case of diathermanoua 
bodies, is the measure of diathermancy or transmiasive power. 

The sum of these fractional parts must evidently make up the 
original unit; that is 

312 a. Relation between Absorption and Emiesion. — A different mode 
of expressing absorbing power ia sometimes required — a mode wliich 
shall express the rate at which the body gains Iieat when completely 
inclosed in an exliausted space whose walls have a higher tempera- 
ture than its own. 

Let the walls be covered with lamp-black, and have a small excess 
of temperature fl, and let the area of the body's surface (which must 
have no concavities) be S; then the rate at which the body gains 
heat is proportional to SB, and may be denoted by ASfl, A being a 
coefficient which is independent of B provided that 8 is small, but 
which is not necessarily the same at high as at low temperatures 
We fihall call this factor A the coefficient of absorption ; and the heat 
gained by the body in a short interval of time r will be 

If now we suppose the inclosed body to be warmer than the walls 
by a small excess 8', the rate of losing heat will be proportional to 
Stf, and may be denoted by ESS', E being called the coefficient of 
emission; and the quantity of heat lost by the body in the short 
time r is 

How experiment shows that, for any given body at a given tempera- 
e values of A and E are equal ; for example, a thermometer 
1 in a vacuous globe, as in the experiments of Dulong and 
t (|307a), takes the same time to rise 1° as to fiill 1° if the initial 
»e( temperature between the thermometer and the globe 
HHFdKWib oue. 
^net^tetent of emisBion then, at any given temperature, is equal 
***• «^i<i<iit o{ ahswption ; and we may therefore give it a sym- 
■•■"4 suit, and call it the coefficient of radiation. A substance 
V ^-^.-Ujjnrf&iacnt has a large value is said to be a good nuUator. 
' ^ * ■'"Mowly impossible for a body to absorb more heat 
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ABSORPTION AND EHISSION. 
than falls upoa it. There must therefore be a limiting value of A 
applicable to a body whose absorbing power - is unity; and the same 
limitiug value must exist for E which is equal to A. 

Hence it appears that good radiation depends rather upon defect 
of resistance than upon any positive power. A perfect radiator would 
be a substance whose surface opposed no resistance to the communi- 
cation of radiant heat in either direction; while an imperfect radiator 
is one whose surface allows a portion to be communicated through it, 
and reflects another portion regularly or irregularly. 

We may conveniently employ - to denote tbe ratio of the heat 
emitted by a surface to that which would be emitted by a perfect 
radiator at the same temperature. We can then assert that for any 
one kind of heat 



or the emissive and absorptive powers are equal. 

The reflecting and diffusive powers of lamp-black are so insigni- 
ficant, at temperatures below 100° C, that this substance is com- 
monly adopted as the type of a perfect radiator, and the emissive 
and absorptive powers of other substances are usually expressed by 
comparison with it. 

Becent experiments by Sir W. Tbomson show that the coeflicient 
of radiation A or E between two lamp-black surfaces radiating to 
each other in vacuo is about B i ioo < 1 being expressed in gramme- 
degrees (§ 339}, fl in degrees,' S in square centimetres of surface of 
the inclosed body, and r in seconds. 

312b. Different Kinds of Heat-raye. — A beam of radiant heat or 
light is not, generally speaking, homogeneouB, but (as we shall more 
fully explain in connection with optics) is made up of rays differing 
in wave-lengtii, and capable of being separated by transmission 
through a prism, those which have the shortest wave-lengths being 
re&acted or turned out of their original direction to the greatest 
extent. A beam of radiant heat or light may also possess peculiar 
properties comprehended under the name of polarization. 

' It ia imin»leri»J whethar tbo Cent, or Fahr. Bcale be employed— foe the liegreo and 
gTBmme-degTee change in the same ratio. 

The eiperiinents referred to (which wil! shortly bo published in the Proc. Roy. Soo.), 
were oonduoted by observing the cooling of a copper halt in an inclosoro filled with air. 
The total Iocs of heat oorresponded to a co-elBcient \it^, and it was estimated that half the 
\am was due to atmoapherio contact, and the other half to 
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AJmost all substances exhibit the phcnomeDon oi selective absorp- 
tion, that is to say, they absorb some kinds of heat more readily 
than others ; and it has been completely established by a variety of 
experiments, that the heat which a body emits when radiating to 
bodies colder than itself, consists chiefly of the same elementary heat- 
rays which it absorbs most copiously from bodies hotter than itsel£ 

312 c. Theory of Kxchan^ee. — Many of the phenomena of radiation 
are most simply explained by the view now usually called the theory 
of exckan{/es, but originally promulgated by Prevost of Geneva under 
the name of the theory of mobile eqiuUbrium of temperature. This 
theory asserts that all bodies are constantly giving out radiant heat, 
at a rate depending upon their substance and temperature, but 
independent of the substance or temperature of the bodies which 
surround them ;^ and that, when a body is kept at a uniform tem- 
perature, it receives back just as much heat as it gives out. 

According to this view, two bodies at the same temperature, 
exposed to mutual radiation, exchange equal amounts of heat; but if 
two bodies have unequal temperatures, that which is at the higher 
temperature gives to the other more than it receives in exchange. 

As a necessary accompaniment of this view, it is maintained that, 
for each particular kiud of heat, the emissive and absorbing powers 
- and ~ (^312 a) are equal for any one body, and at any given tempera- 
ture; this inference being drawn from the well-known experimental 
fact that a body completely surrounded by an inclosure whose walls 
are preserved at a constant temperature, will ultimately take that 
temperature. For the details of the reasoning we must refer to 
special treatises.^ 

According to this theory, the coefficient A or E (§ 31 2 a) for a body 
at temperature f, represents the difference between the absolute 
emiiision at this temperature and at the temperature (° + l°. 

313. Thermoacopio Apparatus employed in Besearches connected 
with Radiant Heat. — An indispensable requisite for the successful 
study of radiant heat is an exceedingly delicate thermometer. For 
this purpose Leslie, about the beginning of the present century, 
invented the differential thermometer, with which he conducted some 
very important investigations, the main results of which are still 
acknowledged to be correct. Modern investigators, as Melloni, 

> See S 307*, fonnuU (1) uid toot-Dote. 

* Rtport on thi Tkeer)/ of Ezduuiga bj Balfoor Stovui, in Britiiih ABSociation Report, 
ISfl], p. 97; uid Stavut on Htat, buck ii. chap. iii. 



THERMOSCOPIC APPARATDS. 397 

^rovostaye, &c., have exclusively employed Noljili's thermo-malti- 
plier, which is an instrument of much greater delicacy than the 
differential therm omet«r. 

The thermopile inverted by Nobili, and impi-oved by Melloni, 
consists essentially of a chain (Fig. 
284) formed of alternate elements 
of bismuth and antimony. If the 
ends of the clinin he connected by 
a wire, and the alternate joints 
slightly heated, a thermo-electric 
current will be produced, as will be 
explained hereafter. The amount 
of current increases with the num- 
ber of elements, and with the difference of temperatures of the oppo- 
site junctions. 

In the pile as improved by Melloni, the elements are arranged 
side by side so as to form a square bundle (Fig. 285), whose opposite 
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ends consist of the alternate junctions. The whole is contained in 
a copper case, with covers at tlie two ends, which can he removed 
when it is desired to expose the faces of the pile to the action of heat 
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Two metallic rods connect the terminals of the thermo-electric series 
with wires leading to a galvanometer,' ao that the existence of any 
current will immediately be indicated by the deflection of the needle. 
The amounts of current which correspond to different deflections are 
known fiom a table compiled by a method which we shall explain 
hereafter. Consequently, when a beam of radiant heat strikea the 
pile, an electric current is produced, and the amount of this cun-ent 
is given by the galvanometer. We shall see hereailer. when we 
come to treat of thermo-electric currents, that within certain limits, 
which are never exceeded in investigations upon radiant heat, the 
current is proportional to the difference of temperature between the 
two ends of the pile. Accordingly, as soon as all parts of the pile 
have acquired their permanent temperatures, the quantity of heat 
received during any interval of time from the source of heat will be 
equal to that lost to the air and sui-rounding objects. But this latter 
is, by Newton's law, proportional to the excess of temperature above 
the surrounding air, and therefore to the difference of temperature 
between the two ends of the pile. The current is therefore propor- 
tional to the quantity of heat received by the instrument. We have 
thus in Nobili's pile a thermometer of great delicacy, and admirably 
adapted to the study of radiant heat ; in fact, the immense progress 




«lliich liiiH boon made in this department of physics is mainly owing 
lu Ihb iuvontioa of Nohili. 

314. Mwiurement of Emissive Power. — The following arrangement 

KM* Mjoptod by Melloni for the comparison of emissive powers. A. 

* TCht pit* uul galvMtometer ti^lher coiuititute Uie thermo- multiplier. 
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graduated horizontal bar (Fig. 286) carries a cube, the different sides 
of which are covered with different substances. This is filled with 
water, which is maintaioed at the boiling-point by means of a spirit- 
lamp placed beneath. The pile is placed at a convenient distance, 
and tlie radiation can be intercepted at pleasure by screens arranged 
for the purposa The whole forms what is called Melloni's appa- 
ratus. 

If we now subject the pile to the heat radiated from each of the 
taeeB in turn, we shall obtain currents proportional to the emissive 
powers of the substances with which the different faces are coated. 

From a number of experiments of this kind it has been found tijat 
lamp-black has the greatest radiating power of all known substances, 
while the metals are the worst radiators. Some of the most impor- 
tant results are given in the following table, in which the emissive 
powers of the several substances are compared witli that of lamp- 
black, which is denoted by 100: — 

Relative EuiasiTE Powers at 100° C. 



Lamp-blikck, 100 

White-lead, 100 

P»pc-, S8 

Glui SO 



Steel 

PUtiuum. . ■ 
Foliahed brtui. 



SheUac, 72 

316. Absorbing Power. — The method which most naturally suggests 
itself for comparing absorbing powers, is to apply coatings of different 
substances to that face of the pile which is exposed to the action of 
the source of heat. But this would involve great risk of injury to 
the pile. 

The method employed by Melloni was as foUowa: — He placed in 
front of the pile a very thin copper disc (Fig. 287), coated with lamp- 
black on the side next the pile, and on the other side with the sub- 
stance whose absorbing power was required. The disc absorbed heat 
by radiation from the source, of amount proportional to the absorb- 
ing power of this coating, and at the same time emitted heat from 
both sides in all directions. When its temperature became stationary, 
the amounts of heat absorbed and emitted were necessarily equal, 
and its two faces had sensibly equal temperaturea 

Let E and E' denote the coefficients of emission of lamp-black and 
of the substance with which the front was coated, and 9 the excess 
of temperature of the disc above that of the air; then {E+E')fl is the 
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beat emitted in unit time, if the &rea of each face is anity, and thia 
must be eqaal to the heat absorbed in unit time. 

But the indicationii of the thermopile are proportional to the beat 




radiated from the back alone, that is, to Efl. The heat absorbed ia 
therefore represented by the indication of the pile mulUpiied by 
E_+E' 

E ' 

In this way the absorbing powers given in the following list have 
been calculated from experiments of Melloni, the source of heat being 
a cube filled witli water at lOO" C. 



ItELATlVf AbBDSBINO PoWEBB AT 100° 0. 



Lanp-blitck, 
Whita-lekd, . 



B will be observed that these numbers are identical with those which 
piinrrnt the emissive power's of the siime substances. 

J17, VviRtion of AbBorption with the Source. — The absorbing 
-MPS Taries according to the source of heat employed. In estab- 
^^u this important fact, Melioni employed the following sources of 

- 'JM^illi'i lamp, a small kind of oil-lamp, iu which the level of 

,— ^ ^ iP»;iia invjiriable. and which has a square-cut solid wick. 

.^M^HBrrfbeftt it is of tolerably constant action, and it has been 

, ^ ^oA of the experiments upon diathermancy. It is 
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2. Incnndeseent platinum. This is a Bpiml of platinum wire (Fig. 
288) suspended over a spirit-lamp so as to envelop the flame. The 
metul is heated to a hriglit white heat; and since the radiating 
powers of the flame are very feeble, the metal may be regarded as 
the sole source of radiation. The flanie, in fact, is scarcely distin- 
guishable. 

3. Copper heated to about 400° C. This is effected by placing a 
spirit-lamp behind a cinred copper plate (Fig. 289). 

4. Copper covered with lamp-black at 100° C. This is a cube con- 
taining boiling water (Fig. 290) similar to that already described in 
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connection with the measurement of emissive jjowers. The face whose 
radiation is employed is covered with larop-black. 

If these different sources of beat be severally used in measuring 
absorbing powers, it will be f<3und that these powers vary consider- 
ably according to the particular source of heat employed, and that if 
we denote tlie absorption of lamp-black in each case by 100, the 
relative absorbing powers of othoi" substances are in geneml greater 
as the temperature of the source is lower. In establishing this 
important piiiiclple by experiment, the sources of heat are first 
placed at such distances that the direct radiation upon the pile 
shall be the same for each, and the pile ia then replaced bj' the 
disc. The following table contains some of the results obtained 
by Meltoni: — 
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In«nJ t 








put.-™. 


Copiw. 


Cub.. 


Lamp-btmok, . . . 


100 


mi) 


ino 




Jfiiiihti ink. . 


oe 


on 


87 


85 


White-lead, . . . 


fiS 


5S 


8» 


100 




E-2 
4B 


5i 


64 
70 


61 

72 


MetaUic sQrface, . 


1* 


13'5 


13 


13 



319. Beflectin^ Power. — The reflecting power of a surface is mea- 
sured by the proportion of incident heat which is regularly reflected 
from it. This subject has been investigated by Melloni, and by 
Laprovostaye and Desjiina The arrangement used for the purpose ia 
shown in Fig. 291. 

The substance under investigation is placed upon the circular plate 
D, which is graduated round the circumference. The pile E is carried 




by the horizontal bar HH', which turns about the pillar supporting 
the plate D. Tliisbaris to be so adjusted as to make the reflected mys 
impinge upon the pile, the adjustment being made by the help of 
the divisions marked on the circular plate. 

In making an observation, the bar HH' is first placed so as to 
coincide with the prolongation of the principal bar, and the intensity 
of direct radiation is thus observed. The pile is then placed so as to 
receive the reflected rays, and the ratio of the intensity thus obtained 
to the intensity of direct radiation is the measure of the rejecting 
power. 
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The following are Bome of the results obtained by Laprovostaye 
and Desains, the source of heat employed being a Locatelli lamp: — 



Silver pkte, . , 
Gold. .... 

fipeculum TDEla], 
Tin, .... 



Laprovostaye and Desains have also shown that, in the case of 
diathermanous substances, the reflecting power varies considerably 
with the angle of incidence, which is also the case for luminous rays. 

In the case of metals, the change in the re6ecting power produced 
by a change in the angle of incidence is not nearly so great; the 
reflecting power remains almost constant till about 70° or 80°, and 
when the angle of incidence exceeds this limit, the reflecting power 
decreases, whereas the opposite is the case with transpurent bodies. 

Finally, Laprovostaye and Desains have shown that, contrary to 
what was previously supposed, the reflecting power vanes according 
to the source of heat Thus the reflecting power of polished silver, 
which is -y? for rays from a Locatelli lamp, is only -92 for soiar rays. 
In either case it will be seen that the reflecting powers of polished 
silver are very great ; and since experiment has shown that luminous 
and calorific rays from the same source are reflected in nearly equal 
proportions, the advantages attending the use of silvered specula in 
telescopes can easily he understood. 

330. DiS\iBive Power. — Diffusion is the irregular reflection of heat, 
doubtless owing to the minute inequalities of surface which are met 
with on even the most finely-polished bodies. The existence of this 
power may very easily be verified. We have only to let a beam of 
nidiant heat fall upon any dead sutface, for example on carbonate of 
lead. On placing the pile before the surface in any position, a devia- 
tion of the galvanometer is observed, which cannot be attributed to 
radiation from the surface, since iu that case tiie effect, instead of 
instantly attaining its maximum, as it actually does, would increase 
gradually as the substance became warmed by the heat falling upon it 

Moreover tlie heat thus dtft'used, when the source of heat is a body 
at high temperature, such as a lamp-flame, is found to agree in its 
properties with the heat radiated from a body at high temperature, 
and to be altogether different from that wliich the diffusing surface 
is capable of radiating at its actual temperature. The difl'used beat. 
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for Gsample, passes through a plate of alum without undergoing much 
absorption, 

The diffusive power of powders, especially if white, is very con- 
siderable, ns is shown by the following table taken from tlie results 
published by Lnprovostaye and Desaina ; — 

Dirruaivz Powis. 

White-le»d -82 

Powdered edlver '76 

Chroiokte of lead, -6S 

The knowledge of this property enables us to explain the intense 
heat which is felt in the neighbourhood of a white wall lighted up 
by the sun. 

Diffusion takes place in different proportions according to the 
direction, and is a maximum for points near the direction of the 
regularly- re flee ted ray. 

The intensity of the diffused rays varies very considerably accord- 
ing to the source of heat employed. This was shown by Melloni in 
the following manner: — 

He directed a ray of beat upon tlie surface of a disc of very thin 
card covered with a substance capable of diffusing the i-ays. The 
liack of the disc was coated with lamp-black. When the different 
parts had acquired their permanen t temperatures, the pile was placed 
in corresponding positions first before, and then behind the disc, so 
as to receive the heat due to both radiation and diffusion from the 
disc in the first case, and that due to radiation only in the second. 
It was found that the ratio of the two indications of the pile in these 
two positions varied very much according to the source of heat, the 
general rule being that the ratio of the diffused to the radiated heat 
was greatest when the source of heat was luminous, and at a high 
temperature. 

321. Peculiar Property of Lamp-black. — If a similar experiment be 
performed with a card covered on both sides with lamp-black, it will 
be found that the difference between the indications of the pile in 
the two positions is very small. This difference, such aa it is, may 
be accounted for by a slight difference of temperature between the 
two faces of the disc. We may therefore conclude that the whole of 
the heat lia« be^ absorbed by the lamp-black. This important result 
has been confirmed by direct experiments, which have failed to dis- 
cover any trace of reflecting or difi'usive power in this substance. 
Further, in the above experiment, the ratio of the indications in the 
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two positions of the pile remains coustant for all sources of heat; 
wlience we see that the absorptioQ of rays of heat by lamp-black is 
in all cases independent of the nature of the source. We thus see 
the aJvantagc of applying a coating of lamp-hlack to all thermoBcopic 
apparatus intended for the absorption of radiant heat 

322. Diathermancy. — It has long been known that some of the heat 
from an intensely luminous body, like the sun, could pass through 
certain transparent substances, such a^ glass; but it was, till recently, 
supposed that this could not happen in the case of dai'k, or even 
feebly luminous rays. 

Pictet, of Geneva, waa the first to establish the fact of diathermancy 
for radiant heat in general. He showed that a thermometer rose in 
temperature when exposed to radiation from a source of heat, not- 
withstanding the interposition of a transparent lamina; and the idea 
that this could be owing to the absorption and subsequent radiation 
of heat from the lamina was completely exploded by Pi-^vost, who 
showed that the etfect oceun-ed even when the interposed substance 
was a sheet of ice. It is to Melloni, however, that we are indebted 
for the principal results which have been obtained in connection with 
this subject. 

323. Influence of the Nature of the Substance, — The arrangement 
adopted by Melloni for testing the diathermancy of a solid body is 
that shown in Fig. 292, Tlie LocatelSi lamp A radiates its heat upon 




the pile E when the screen B is lowered; the hole in the screen C is 
for the purpose of limiting the pencil of rays. Direct radiation is 
drat allowed to take place, and the resulting current as indicated by 



the galvanometer G is noted The diathetmanous plate D is then 
interposed between tlie lamp and the pile, and the current is again 
measured ; the ratio of the latter current to the former is the expres- 
sion of the diathermancy' of the plate. 

In the case of liquids, Melloni employed narrow troughs with sides 
of very Uiin glass; the ra^-a were first transmitted through the empty 
vessel, and then through the same vessel filled with liquid; the dif- 
ference of the two results thus obtiuned being the measure of the heat 
stopjted bv the liquid. Specimens of the results are given in the 
following table: — 

Hut TEusMrniD bt DtrfKitm SuanASCis raov an Ahgisd Lamp. 

(Tb« direct hnt U npretented bj 100.) 

SouMi. Liquids. 

CotovHcMt Glaa, (TIiiokniM » 31 mm.— & pUtsof bIui of MwKn* 

CalourleiM LiqHidt 

Distilled water. II 

Abaolute Klcohol, ]£ 

Sulphuric etlier, SI 

Sulphide of cubon, .--... 68 

Sjuritu of torpentiDB H 

Pure mJphuric Boid, 17 

Pure nitric acid IQ 

SoluUon of KS-tiktt, IS 

Solution of alum, IS 

Solution o( augar, IS 

Solution of potath, lis 

Soluliou of amuionia, IQ 



Flint^glasi, fi 

Hateglau, 

Crowu-glaBS (Freooh), . . . 
Crown gtui (Eni^lish), . . 

Window-gtiuHi, 

Colotunt Olau. 
(Thickm iss mm 

De«p viaM 

Pale violet 

Veij deep blue 

Deep blue 

Light blue, 

Hiuenl green, 

Apple Breed, 

Deep yellow 



Co(oa 



niJ!. 



Nut-oU (yeUow) 31 

Colaa oil (yellow) 30 

Olive-oil tgreenuh yellow) SO 

Oil of camationa (yellowiih) - - . , 26 

Chloride of mlphur (reddiib bruwii), . 63 

PymligneoUB acid (bTown) 12 

White of (^ (ulightly yelluw). ... II 



(Thloknea IS! 
Coloarlai. 

Boek^att. 

Iceland- «par. . . 

Bock-cryital, .... 
Branlion topai, . . . 
Carbonate of lead, . . . 
Borate of soda, .... 
Sulphate of liuie, . . . 

Citric acid, 

Rockoluui, .... 



Smoky quart* (brown), 
AquD^marina (lijtht blue). 
Yellow igate, .... 
Green tourmaline, . . . 
Sulphate of copper (blue), 
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It will lie seen from this table that though diathermancy and 
transparency for light usually go together, the one is far from being 
a measure of the otiier. We see, for insUince, tlia.t colourless uitric 
acid is much less diatliermanoua than strongly -coloured chloride of 
sulphur ; and perfectly colourless al um allows much less heat to pass 
than deeply- coloured glass of the same thickness. Tyndall has shown 
that a solution of iodine in aulphide of carbon, though excessively 
opaque to light, allows heat to pass in large quantity, 

The substance possessing the greatest diathennanous power is rock- 
salt, which allows the passage of -Ql of the incident heat. Common 
sea-salt only allows -12 to pass. No such difference, however, at- 
taches to solutions of these substances. 

The diathermancy of gases has been investigated by TyndnlL The 
gases were contained in a long metallic tube with rock-salt ends; 
and, in order to obtain greater sensitiveness, a compensating cube 
tilled with hot water was employed. This cube was placed at such 
a distance from one end of the tbermo-pile as exactly to counter- 
balance the effect of the radiation fi-om the principal source of heat 
when the tube was vacuous, so that the needle of the galvanometer 
in these circumstances stood at zero. The tube was then filled with 
different gases in turn, the com))ensating cube remaining unmoved; 
and the indications of the galvanometer were found to vary accord- 
ing to the gas employed. Compound gases stopped more than simple 
ones; the vapours of aromatic substances increased the absorptive 
power of dry air from 30 to 300 fold, and a similar effect was pro- 
duced by the vapour of water, air more or less charged with aqueous 
va])our being found to exercise from 30 to 70 times the absorption 
of pui'e dry air. 

It is probable that the aqueous vapour whicli is always present in 
the atmosphei-e greatly mitigates the heat of the solar rays, and also 
greatly retards the cooling of the earth by radiation at night. On 
the otiier hand, vapour being a better absorber is also a better 
radiator than dry air, a circumstance which conduces to the cooling 
and condensation of the upper portions of masses of vapour in the 
atmosphere, and the consequent formation of cloud. 

824. Influence of Thickness. — From the experiments of Jamin and 
Masson, it appears that, when beat of definite refi-angibility passes 
through a plate, the amount transmitted decreases in geometrical 
pn as the thickness increases in arithmetical progression; a 

rai Tiay also be expressed by saying, that if a plate be 
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divided in imagination into lamLnce of equal thickness, tlie ratio of 
the Iieat absorbed to the heat transmitted is the samo for them aU. 

In tlie case of mixed radiation, such as is emitted by nearly all 
available sources of heat, we must supposo this law to hold for each 
sepai-ate constituent ; but some of these are more easily absorbed tliau 
others, and as these accordingly dimiuish in amount more rapidly 
than the others, the beam as it proceeds on its way through the plate 
acquires a character which fits it for transmission rather than absorp- 
tion. Hence the foremost layei-s absorb much more than the later 
ones, if the plate be of considerable thickness. 

In the case of bodies which are opaque to heat, absorption and 
radiation are meie surface-actions. But in diathermanous substances, 
as we have seen, absoiption goes on in the interior, so that a thick 
plate absorbs more heat than a thin one. The same thing is true as 
regards radiation: — a diathermauous substance I'adiates from its 
interior as well as from its surface, as proved by the fact that a thick 
plate radiates more heat than a thin one at the same temperature. 

3S5. Relation between Radiant Heat and Light. — The property in 
virtue of wJiicli particular substances select particular kinds of heat 
for absorption and otherkinds for transmission, was called by Melloni 
thennochrose (literally heat-colour), from its obvious analogy to what 
we call colour in the cose of light. A piece of coloured glass, for 
example, selects rays of certain colours (or vibration-periods) for 
absorption, and transmits the i-est, what we call the colour of the 
glass being determined by those which it transmits. 

It is now believed that thermoclirose and colour are not merely 
analogous but essentially identical. Prismatic analysis shows that 
rays exist of refrangibilities much greater and much less than those 
which compose the luminous spectrum. The spectrum of the electric 
light, for example, extends on both sides of the visible spectrum to 
distances considerably exceeding the length of the visible spectrum 
itself. The invisible ultra-violet rays can be detected by their 
chemical action, or by causing them to fall upon certain substances 
(called fluoreaoent) which become luminous when exposed to their 
action, but have exceedingly small heating effect. The heat becomes 
considerable in the yellow portion of the spectrum, stronger in the 
red, and goes on increasing in the invisible portion beyond the red. 
up to a certain point, beyond which it gradually diminishes till it 
becomes inappreciable. 

It would, liowever, be an error to suppose that there is a heat 
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spectrum consisting of distinct rays from those wbicb form the lumin- 
0U9 spectrum, and tiiat the two spectra are Buperimposecl one upon 
the other. There is every reason for believing that the contrary is 
the fiict, and that the radiations which constitute heat and light are 
essentially identical. In operating upon rays of definite refraugibi- 
lity, it is never found pus.sible to diminish their beating and illumi- 
nating powers in unequal proportions; an interposed plate of any 
partially transparent material, if it stops half the light, also stops 
half the heat 

It is true that the most intense heat is not found in the most 
luminous portion of the spectrum ; but it is probable that the eye, 
like the ear, is more powerfully affected by quick than by slow 
vibrations when the amount of energy is the same; and as a treble 
note contains far less energy than a bass note which strikes the ear 
us equally loud, so a blue ray contains much less energy than a red 
ray if they strike the eye as equally bright. 

The invisibility — at least to human eyes — of the ulti'a-red and 
ultra-violet rays may be due eitlier to the absorption of these rays 
by the humours of the eye before tliey can reach the retina, or to the 
inability of our visual organa to take up vibrations quicker than the 
violet or slower than the red. 

A body at a low temperatiire (say 10lt° C.) emits only dark heat. 
As the temperature rises, the emission of dark heat becomes more 
energetic, and at the same time rays of a more refrangible character 
are added. This strengthening of the rays formerly emitted, with 
the continual addition of new rays of higher refrangibility, goes on 
BA long as the temperature of the body continues to rise. The lumi- 
nosity of the body begins with the emission of the least refmngible 
of the visible rays, namely the reJ. and goes on to include rays of 
other colours as it pa.tses from a red to a white beat. Tyndall, by 
thus gradually raising the temperature of a platinum spiral, obtained 
the following measures of the heat received in a definite position in 
the dark portion of the spectrum : — 
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vUible spectrum &T(t the most transmissible, and tbe extreme mys at 
Itotb ends of the complete spectrum are the soonest absorbed. This 
is probably the reason why the invisible portion of the solar spec- 
trum, though extending to a considerable distance in both directions, 
is less extensive than that of the electric light. Tbe extremo r&ys i 
have probably been absorbed by tbe earth's atmosphere. 

Ordinary glass is comparatively opaque to both classes of dark 
rays. Hook-salt surpasses all other substances in its transparency 
to the darii rays beyond the red ; and quartz (rock-crystal) is very ' 
transparent to the dark rays beyond the violet Alum is remarkable i 
as a substance which is exceedingly opaque to the ulti-a-i-ed rays, 
though exceedingly tnins[>arent to visible rays; and Tyndall baa 
found that a solution of iodine in sulpliide of carbon is, on the con- 
trary, highly transparent to tbe ultra-red and opaque to tlie luminous 
rays. 

Great interest was excited some years ago by Stokes' discoveiy 
that tbe ultra-violet rays, when they fall upon Euorescent substances, 
undergo a lowering of refrangibility which brings them within the 
limits of human vision. Akin subsequently proposed the inquiry 
whether it wiia possible, by a convei-se change, to transform the 
ultra-red into visible rays, and Tyndall, by taking advantage of thia 
peculiar property of the solution of iodine, succeeded in effecting the 
transformation. He brought the reys of the electric lamp to a focus 
by means of a reflector, and, after stopping all the luminous rays by 
interposing a vessel with rock-salt sides, containing the solution of 
iodine, he found that a piece of platinum foil, when brought into tbe 
focus, wiis heated to incandescence, and thus emitted light as well as 
heat To this transformation of dark radiant heat into light he gave 
the name of calorescence. 

326. Selective Emission and Absorption. — In order to conQect 
together the various phenomena which may be classed under the 
general title of selective radiation and absorption, it is necessary to 
form some such hypothesis as the following. Tlie atoms or mole- 
cules of which any particular substance is composed, must be sup- 
posed to be capable of vibrating freely in certain periods, which, in 
tlie case of gases, are sharply defined, so that a gas is like a musical 
string, which will vibrate in unison with certain definite notes and 
with no intermediate ones. The particles of a solid or liquid, on the 
other hand, are capable of executing vibrations of any period lying 
between certain limits ; so that they may perhaps be compared to tlie 
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body of a violin, or to the sotinding-boartl of a, piano; anil these limits 
(or at all events the upper limit) alter with the temperature, so as 
to include shorter periods of vibration as the temperature rises. 

These vibrations of the particles of a body are capable of being 
excited by vibrations of like period in the external etiier, in which 
case the body absorbs radiant heat. But tliey may also be excited 
by the internal heat of the body ; for whenever the molecules expe- 
rience violent shocks, which excite tremors in them, these are the 
vibrations which they tend to assuma In this case the particles of 
the body excite vibrations of like period in the surrounding ether, 
and the body is said to emit radiant lieat. 

One consequence of these principles is that a diathermanous body 
is particularly opaque to its own radiation. Rock-.salt transmits 92 
per cent, of the radiation from most sources of heat; but if the source 
of heat be another piece of rock-salt, especially if it be a thin plate, 
the amount transmitted is much less, a considerable jiroportion being 
absorbed. The heat emitted and absorbed by rock-salt is of exceed- 
ingly low refrangibility. 

Glass largely absorbs heat of long period, such as is emitted by 
bodies whose tempeiatures are not sufficiently high to render them 
luminous, but allows rays of shorter period, such as compose the 
luminous portion of the radiation from a lamp-flame, to pass almost 
entire. Accordingly glass when heated emits a copious radiation of 
non-luminous heat, but comparatively little light. 

Experiment shows that if various bodies, whether opaque or trans- 
parent, colourless or coloured, are heated to incandescence in the 
interior of a furnace, or of an ordinaiy coal-fire, they will ail, while 
in the fuinace, exhibit the same tint, namely the tint of the glowing 
coals. In the case of coloured transparent bodies, this implies that 
the rays which their colour prevents them fi-om transmitting from 
the coals behind them are radiated by the bodies themselves most 
copiously; for example, a glass coloured red by oxide of copper per- 
mits only red rays to pass through it, absorbing all the rest, but it 
does not show its colour in the furnace, because its own heat causes 
it to radiate just thase rays which it has the power of absorbing, so 
that the total radiation which it sends to the eye of a spectator, con- 
sisting partly of the radiation due to its own heat, and partly of rays 
which it transmits from the glowing fuel behind it, is exactly the 
same in kind and amount as that which comes direct from the other 
parts of tlie fire. This explanation is verified by the fact that such 
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MS A. Dtfliitl«i of CondwtiTitT or SpecUk Oondoetiae Powor.- 
Uie »piJk«ti<jn of lieat to one end of the bar be omtinued for a sa 
ciently long lime, aad with great steadiness, tbe different portioos of ' 
iiit bar will at length cease to rise in temperature, and will retain 
■U.-fuiily tlie teni[i«-ratiirea whicb tliey have acquired. We may tfaiv 
dlDtiTigiiinh two ntiigcs in the experiment: let, the variable stagey 
during which all jiortioiiH of the bar are rising in temperature; an^ ' 
2(1, tlie [wnnanent Btat«, which may aiihsi^ for any length of time 
without altemtion. In the fonner stage the bar is gaining beat; 
that in, il is receiving more heat from the source than it gives out 
U> ■urruun'liiig IxKlifs. In the hitter stage the receipts and expendi- 
ture of heat are equal, and are ecjual not only for the bar as a whole, 
hut for i!V«ry small jHirtion of wliicli it is composed. 

In the [tcnnnnent state no further accumulation of heat takes 
place. Ail tliu lit-at which reaches an internal particle is transmitted 
by cuiiduotion, and tho heat which reaches a superficial particle ia 
given iiif partly by radiation and air-confcact, and partly by conduc- 
tion U) oolitor neighbouring particles. In the earlier stage, on the 
contrary, only a portion of the heat received by a particle ia thus 
iHnpoHcd of, thu remainder being accumulated in the particle, and 
ing to raise ita tomporature. 
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In order to obtain results depending on coodiiction free from com- 
plications arising from differences of specific heiit (ij 340), we must, 
in all cases, wait for the permanent state. In the earlier stage great 
specific heat acts as an obstacle to rapid transmission, and a body of 
great specific heat would be liable to be mistaken for a body of small 
conductivity. 

The measurement of the conductivity of a substance is still further 
simplified by making the flow of heat through it take place entirely 
in one definite direction (that ia to say in parallel lines), avoiding all 
cross-currents. To this end it is necessary that all points in the same 
cross section should have the same temperature, a condition which ia 
not strictly fulfilled in the bar above described, as the suifuce will 
be cooler than the interior. It is nearly fulfilled in the axial portions 
of the bar, and it is very nearly fulfilled in the central portions of a 
uniform plate whose breadth in all directions is a very large multiple 
of its thickne!*s, when the whole of one face ia maintained as nearly 
as practicable at one uniform temperature, and the other face at 
another uniform temperature. In the central portions of such a. 
plate, the flow ofheat will be perpendicularly through the plate; and 
when the permanent state has arrived, the amount of heat that j^asses 
in a unit of time through a cross section of area A, will be expressed 
by the formula 

Ci^kA'^*^, (1) 



t 



where x is the thickness of the plate, t^ and (, the temperatures of its 
two faces, and k a coefficient depending on the material of the plate. 
This coefficient k is the conductivity of the material. It may be 
defined as the quantity of heat which flows i/a unit time thivugk a 
oro3n section of unit area, wlien the thickness of the plate io ujiity, 
and one face is warmer by 1° than the other} 

' Tbe metbod of taking iicsount of conductjiit; during the vnrialile stage miy lie iUiu- 
tnted bj coiuiilering the Bim|iUgt cue, — thnt in which the flow o[ heat is in pantUel lioeB. 

Let X denote dietonce meuureil in the direcbion in whioh heat is flowing, c the tem- 
perature at the time ( at a point Bpecified b; X, h the conductivity, and c the tbennal 
c^ocitj per unit volume (both at the lemperatttre i'). Then the Bow of heat per unit time 
past a crow seotion of area A ii - jb A — . and the flow put *ii equal and parallel ae 
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Forbes' experiments have shown that tlie conductivity of a sub- 
stance is not the same at all temperatures. In view of this fact, it in 
the above formula denotes the average conductivity between the 
temperatures t j and ( j. The variation of conductivity with tempenk- 
tui-e is, however, comparatively small I 

339. Differences of Conductivity, — The following experiments are 
often adduced in illustration of the different conducting powers of 
different solids. 

Two bai-3 of the same size but of different materials (Fig. 293) are 
placed end to end, and small wooden balls are attached by wax to 
their under-sur faces at equal distances. The bars are then heated 
at their contiguous ends, and, as the heat extends along them, the 
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wax melts, and the balls successively drop off. If the heating ia ' 
continued till the permanent state arrives, it may generally be con- 
cluded that the bar which has lost most balls is the best conductor, 
especially if both bai-s have been coated with the same varnish, so as 
to make their radiating powers equal. 

The well-known experiment of Ingenhousz is of the same kind. 
The apparatus consists of a copper box having a row of holes in one 
of its faces, in which rods of different materials can be fixed. The 

uid tbe i«Butting foil af tempBrature is lUe quotient of the luaa by tlie tbemul Mpiwitj- 
eAIx, which quotient ii 

Thii, then, is the Fall of temperature per unit time, or U ~ . If the range of teni- 
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t, tbe equation 



ubioh applies spproiimatel; to the variationi of temperature in the w>il s\eai tlie surface of 
the earth, x being in thi> ouse memnred Yertically. For tbe inte|,TnJ of thi* equation, Kc 
TVuM. Jtag. Sat. Edin. vol. xxii. part ii. p. 488. 
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rods having previously been coated with wax, the box 

boiling water, which come 
roda The was gradually 
melts as the heat travels 



into contact with the inner euda of the 
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along the roda ; and, if the 
experiment is continued 
till the melting readies its 
limit, those roda on which 
it has extended furthest 
are, generally speaking, the 
best conductors. 

It is thus found that metals are unequally good conductoi's of heat, 
and that they may be arranged in the following order, beginning with 
the best conductors: — Silver, copper, gold, braas^ tin, iron, lead, 
plaiinum, biamut/i. 

In both these experiments we must beware of attempting to 
measure conductivity by the qwickiiess with which the molting 
advances. This quickness may be simply an indication of small 
specific heat.^ 

330. Conducting^ Power of Hetals.-^Metals, though differing con- 
siderably one fmm another, are as a class greatly superior in con- 
ductivity to other substances, such as wood, marble, brick. This 
explains several familiar phenomena. If the hand be placed upon a 
metal plate at the temperature of 1 0" C, or plunged into mercury at 
this temperature, a very marked sensation of cold is expeiicnced. 
This sensation is less intense with a plate of marble at the same 
temperature, and still less with a piece of wood. The reason is that 
the hand, whicli is at a higher temperature than the substance to 
which it is applied, gives up a portion of its heat, which is conducted 
away by the substance, and consequently a larger portion of heat is 
parted with, and a more marked seni^ation of cold experienced, in the 
case of the body of greater conducting power. 

331. Davy Lamp. — The conducting power of metals explains the 
curious property possessed by wire-gauze of cutting off a dame. If, 
for example, a piece of wire-gauze be placed above a jet of gas, the 
Same is prevented from rising above the gauze. If the gns be first 
allowed to pass through the gauze, and then lighted above, the flame 
is cut off from the burner, and is unable to extend itself to the nnder- 
eurface of the gauze. These facts depend upon the conducting power 

' StTiotly spealdDSi """l^ iprdfic hiat per nnit vbImhk, not, u uauol, pn unit man. 
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udMlalllo gniKVi, in virtue of whtdi the bea£ of the dame in nipidlT- 
■iffg^fUM m the pointa <vf eontacc, tbe result being % diminuUon of 
temperatnre sufficient 
to prevesc ignition. 
This property of 
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eottnt &r rarioos pur- 

poaefl. bat ita most 

Bsefol applicntion ia 

in the safety- lamp of 

Sir Homptrey Davy. 

It is well known 

Ulttfc a gAt cnllftd firedamp is often given off in coal-mines. It is a 

i>ani|i»uii'] of carbon aod Iiydrogen, and is a lai^ ingredient in on]i~ 

itnry cnnl-gfu. 

This firp'damp. when mixed vitti eight or ten tiroes its volame o4 
fttr, exploiles with great violcno! on coming in contact with a lighted 
body. To obviate this danger, Davy in- 
vented the aafety-lamp, which is an ordi- 
DBry lamp with the Same inclosed by 
wire-gauze. The explosive gases pass 
through the gauze, and bum inside the 
lump, in Hiich a manner as to warn the 
miner of their presence; but the flame is 
unable to puns through the gauze. 

838. Various Applications.— The know- 
ledge of the relative conducting powers 
of different bodies has Heveral important 
prncticftl npplicationa 

I II cold countries, where the heat pro- 

i]iii''ii in the interior of a house should be 

a-; til r lis poasihle prevented from escaping, 

ri|. we.-itatj i*niii the wulls should be of brick or wood, 

which have feeble conducting powers. If 

they are of stone, wtiicli is a betttr conductor, a greater thickness 

is rt.Hiuired. Thick walls are also useful in hot countries in resisting 

the power of the solar mys during the heat of the day. 

We have already alliiiletl (§ 224) to the advantage of employing 
fire-brick, which in iv hail conductor, as a lining for stoves. 
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The feeble conducting power of brick has led to its emplojment 
in the construction of ice house?. These are round pits geuprally 
from 6 to 8 yards m diameter at 
top, and somewhat narrower at 
the bottom, where thet e is a gi it 
iiig to allow the escape of watf r 
The inside ia lined with brick and 
the top is covered with straw, 
which, as we shall shortly see, is 
a bad conductor. In order to 
diminish as much as possible the 
extent of surface exposed to the 
action of the air, the separate 
pieces are dipped in water befor« 
depositing them in the ice-house, 
and, by their subsequent freezing 
together, a solid mass is produced, 
capable of remaining unmelted 
for a very long time. '** 

333. Experimental Determina- 
tion of Conductivity. — Several ex- 
perimenters have investigated the conductivity of inetais, by keeping 
one end of a metallic bar at a high temperature, and, after a sufficient 
lapse of time, obaerving the permanent temperatures assumed by 
different points in its length. 

If the bar is so long that its further end is not sensibly waiiner 
than the surrounding air. and if, moreover, Newton's law of cooling 
be assumed true for all parts of the surface, and all parts of a cross 
section be assumed to have the same temperature, the conductivity 
being also assumed to be independent of the temperature, it is easily 
shown that the temperatures of the bar at equidistant points in its 
length, beginning from the lieated end, must exceed the atmospheric 
temperature by amounts forminsr a decreasing geometric series. 
Wiedemann and Franz, by the aid of the formula to which these 
assumptions lead,^ computed the relative conducting powers of several 




' If p uid ( denii 
coefficient of emiasi 
tniia the length i: 



■e the perimettr and section of tho bar, jt the oonductirity, and h the 
)n of the surface &t the temperature v, the heat emitted in anit time 
is hvpSx, if we UBuma u our zero of temperature the lempeia- 
ding £ur. But the heat which panes a Bflclion is ik ^, and that 
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of the metab, &om experiments on thin bars, which were steadily 
heated at one end, the temperatures at various points in the length 
being determined by means of a thermo-electric junction clamped to 
the bar. The following were the results thus obtained: — 
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The absolute conductivity of wrought iron was investigated with 
great care by Professor J. D. Forbes, by a method which avoided 
some of the questionable assumptions above enumerated. The end 
of the bar was heated by a batli of melted lead kept at a uniform 
temperature, screens being interposed to protect the rest of the bar 
from the heat radiated by the hath. The temperatures at other 
points were obser\'ed by means of ttiermometers inserted in small 
holes drilled in the bar, and kept in metallic contact by fluid metal. 
In order to deteimine the loss of Leat bj' radiation at different tem- 
peratures, a precisely similar bar, with a thermometer inserted in it, 
was raised to about tlie temperature of the batli, and the times of 
cooling down through different ranges were noted. 

The conductivity of one of the two bars experimented on, varied 
from -01337 at 0° C, to 00801 at 275° C, and the corresponding 
numbers for the other bar were -00992 and -00724, the units being 
the foot, the minute, the degree (of any scale), and tlie foot-degree^ 
(of tlie same scale). In both instances, the conductivity decreased 
regularly with increase of temperature. 

Absolute determinations have also been made of the conductivity 
of the soil or rock at three localities in or near Edinburgh, by Pro- 
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fesaor Forbes and Sir W. Thomson. When expreEsed in terms of tlie 
above units, they are — 

Trap rock of Calton Hill, -000208 

Sand of Experimental Garden, .... '0D0I<19 
Suidstone of Crai^lcith QuaiTf, .... '000689 

These determinations were derived from observations on the tem- 
perature of the soil as indicated by thermometers having theii- bulbs 
buried at deptlis of from 3 to 24 feet. Tlie annual range of tem- 
perature diminished rapidly as tho depth increased ; and thiadimiau- 
tion of range was accompanied by a retardation of the times of 
maximum and minimum. To deduce the conductivity,^ it was 
necessary first to reduce the annual variation of each tliermometer 
to the sum of a number of terms each of which would express a 
simple harmonic variation or simple vibration (§ 53a), the most 
important of these being the annual term, which represents a simple 
vibration whose period is a year. By comparing the amplitudes of 
this term at two different depths, we obtain the value of -, k de- 
noting conductivity, and c capacity per unit volume ; and another 
independent determination of the same element is obtained by com- 
paring the epochs, in other words by noting the retardation of phase 
which this term undergoes. Tlie value of a was determined by direct 
experiments conducted by Regnault, and lastly, this value multi- 
plied by - gave the conductivity k. 

334. Conducting Powers of Liquids. — Witli the exception of mer- 
cury and other melted inetals, liquids are exceedingly bad conduc- 
tors of heat. This can be shown by heating the upper part of a 
column of liquid, and observing the variations of temperature below. 
These will be found to be scarcely perceptible, and to be very slowly 
produced. If the heat were applied below (Fig, 208), we should have 
tlie process called convection of lieat; the lower layers of liquid would 
iTse to the surface, and be replaced by others which would rise in 
their turn, thus producing a circulation and a general heating of the 
liquid. On the other hand, when heat is applied above, the expanded 
layers remain in their place, and tlie rest of the liquid can be heated 
by conduction and radiation only. 

* The {jrocesa o( reduction U full; expluned, both UwoTBticiUj uid practically, in two 
rby Sir W. TbooiBoii and tho Editor uf Uik w-^^ 'n the Trant. iloy. Sue. Edin. 
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The following experimeDt is one instaDce of the very feeble con- 
ducting power of water. A piece of ice is placed at the bottom of a 





Fig. 2VB.— Li<|iiJ<l W^tc'l Ii.'i.i Im'Jiu. Fig. SW.— BidUiis ot WfttaT btu loh 

glass tube (Fig, 299), wlncli is then partly filled with water ; heat is 
applied to the middle of the tube, and the upper portion of the water 
IB readily raised to ebullition, witliout melting tlie ice below. 

335. Measure of the Conducting Power of Water, — The power of 
conducting heat possessed by water, tbougli very small, is yet capable 
of measurement. This was established by Despretz by the following 
experiment. He took a cylinder of wood (Fig. 300) about a yard in 
height and eight inches in diameter, which was filled with water. In 
the side of this cylinder were arranged twelve thermometers one above 
another, their bulbs being all in the same vertical through tlie middle 
of the liquid columiL On the top of the liquid rested a metal box, 
which was filled with water at 1 00", frequently renewed during the 
course of the experiment Under these circumstances Despretz 
observed tliat the temperature of tlie thermometers rose gradually, 
and that a long time — about 30 hours — was required before the 
permanent state was assumed. Their permanent differences, whicli 
formed a decreasing geometric series, were very small, and were 
inappreciable after the sixth thermometer. 
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Tbe increase of temperature indicated by tlie thermometers might 
be attributed to tlie beat received from tlie sides of the cylinder, 
though the feeble conducting power of wood renders this idea sotue- 
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what improbable. But Despretz observed that the temperature waa 
higher in the axis of the cylinder than near the sidea, which proves 
that tbe elevation of temperature waa due to the passage of heat 
downwards through the liquid. 

From recent experiments by Professor Guthrie,' it appears that 
water conducts better than any other liquid except mercury. 

336. Conducting Power of Oases. — Of the conducting powers of 
gases it is almost impossible to obtain any direct proofs, since it is 
exceedingly difficult to prevent tbe interference of convection and 
direct radiation. However, we know at least that they are exceed- 
ingly bad conductors. In fact, in all cases where gases are inclosed 
in small cavities where their movement is difficult, the system thus 
formed is a vei-y bad conductor of heat. This is tlie cause of the 
feeble conducting powers of many kinds of cloth, of fur, eider-down, 
felt, straw, saw-dust, &a Materials of this kind, when used as 
articles of clothing, are commonly said to be ■wai-m, because they 
hinder the beat of the body from escaping* If a garment of eider-down 
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or for were compressed so as to expel the greater part of tlie air, and 
to r«dace the substance to a thin sheet, it would be found to be a 
macb less warm covering than before, having become a better con- 
ductor. Wf thus see that it is the presence of air which gives these 
substances their feeble conducting power, and we are accordingly 
justified in assuming that air is a had conductor of heat 

337, Norwegian Stove. — A curious application of the bad con- 
ducting power of felt ia occasionally to be seen in the north of 
Europe, in a kind of self-acting cooking-box. This ia a box lined 
inside with a thick layer of felt, into which fits a metallic dish with 




a cover. The dish is then covered with a cushion of felt, so as to be 
completely surrounded by a substance of very feeble conducting 
power. The method of employing the apparatus is as follows: — The 
meat which it is desired to cook is placed along with some water in 
tlie dish, the whole is boiled for a short time, and then transferred 
1 the fire to the box, where the cooking is completed vntlumt any 
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farther applicahon of heat Tlie isolating power of the stuffing of 
the box, as far rus regards heat, is exceedingly great; in fact, it may 
be showa that at tlie end of three hours 
the temperature of tlie water has fallen by 
only about 10° or 15° C, and has accord- 
ingly remained during all that time suffi- 
ciently high to conduct the operation of 
cooking. 

338. Conductivity of Hydrogen.— The 
conducting power of hydrogen in much 
superior to that of the other gases — a fact 
which agrees with the view entertained 
by chemists, that this gas is the vapour 
of a metal. The good conductivity of 
hydrogen is shown by the following expe- 
riments: — 

1. Within a glass tube (Fig, 302) is 
stretched a thin platinum wire, which is 
raised to incandescence by the passage of 
an electric current. When air, or any gas 
other than hydrogen, is passed through 
the tube, the incandescence continues, 
though with less vividness than in vacuo ; 
but it disappears as soon as hydrogen is 
employed. 

2. A thermometer is placed at the bot- 
tom of a vertical tube, and heated by a 
vessel containing boiling water which is 
placed at the top of tlie tube. The tube 
is exhausted of air, and diflerent gases 
are successively admitted. In each case 
the indication of the thermometer is found 

,,,,,. .1 P'e- aOI.— Cooling bjr Oontno* 

to be lower than tor vacuum, except when of H^dregMi 

the gas is hydrogen. With this gas, the 

difference is in the opposite direction, showing that the diminution 

of radiation has been more than compensated by the condncting 

power of the hydrogen. 
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339. QuADtities of HMt. — Calorimetiy consists in the measareioent I 
of quaotities of tieaL This can be effected witboat makii^ any I 
amomption as to wliat heat is. It merely presupposes the power of 
identifying equal quantities. 

If two differeat tbennic actions, of which one may be frictjon, and i 
the otber combustion, when separately applied to the heating of • 
pound of water, raise its temperature in each case from 0" C. to 1° C, 
we nay tliat the water receives equal quantities of heat in both cast 
and the ([uantity of heat required to raise m pounds of water &XHn 
0° C. to 1' C would be m times as great. 

In order to teat whether the quantity of heat required to raise the | 
tcmi>erature of a ])Ound of water by 1° C. is the same at all initial 
temperatures of the water, we may employ the method of mixtures. 
Let UK, for example, mix 3 lbs. of water at 15° with 5 lbs. at 35°, and 
observe the temperature of the miztura If this temperature be 
denoted bya^.theS lbs. have risen through the i-angex — 15, and the 
6 Iba. have fallen through the range S5— x. If a rise or fall of 1" 
invutvex tlie some gain or loss of heat at all temperatures, the quan- 
tity of heat gained by the 3 lbs. may be represented by 3 (:c— 15), 
ami the heat lost by the 5 lbs. will be represented by 5 (35—3;), Bat 
what the one has gained the other has lost; we have therefore 
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3(1-15) =5 (35-1), 



Calculation, based on this principle, ia found to agree very accurately 
with experiment up to about 40° C We may therefore define the 
WTiit of heat as the quantity of heat required to raise the temperatit/ire 
of unit maaa of water 1°, between the limits 0°C. and 40° C. 
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Several different units of heat are employed, all having reference 
to pure water between these limits of temperature 

The gramme-degree (Centigrade) is the quantity of heat required 
to raise a gramme of water 1° (Centigrade). 

The kilogramme-degi'ee (Centigrade) is the lieat required to raise 
a kilogramme of water 1° (Centigrade). It is sometimes called the 
calorie. 

The pound-degree (Fahrenheit or Centigrade) is the heat required 
to raise a pound avoirdupois of water 1°. 

The foot-degree (Fahrenheit or Centigrade) is the heat required to 
raise a cubic foot of water T. 

We shall briefly describe in this chapter three of the most important 
applications of calorimetry : — 

1. In connection with changes of temperature (si^ecific beat); 

2. In connection with change of state (latent bent) ; 

3. In connection with chemical actions (heat of combination). 
340. Thermal Capacity — Specific Heat. — The thermal capacity of a 

body is the quantity of heat requiretl to raise the temperature of the 
body one degree. It is numerically equal to the mass or volume of 
water (according to tiio unit of heat employed) which would be raised 
one degree by the same quantity of lieat 

The apecific heat of a substance is the tliermal capacity of unit ma^s 
of the substance, or, more simply, is the ratio of the thermal capacity 
of the substance to that of an cgual vjelght of water. It is obviously 
independent of the unit of mass and scale of temperature adopted. 

It is sometimes necessary to consider the thermal capacity of unit 
volume of a substance.' This will he the same as the ratio of the 
thermal capacity of the substance to that of an equal volume of water, 
if we employ as unit of heat the Iieat required to raise unit volume 
of water one degree. In discussions relating to conduction, if the 
foot be made the linear unit, the unit of heat employed should be the 
heat required to laise a cubic foot of water one degree. Thermal 
capacity per unit volume is, like thermal capacity per unit r 
independent of the units employed, provided they are employed 
consistently. 

Experiment shows that nearly equal quantities of heat are required 
to raise a body through V at all temperatures between 0° C and 

' Thli ii evident!; equil to tptci/U heat muUtplied by dattity : that ia, to tbe thernul 
capacity of unit moa mult nutnber of units of inoss whioh ate cuntiUDed in a 
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100° C. ; in other words, specific lieat varies but very slightly with I 
temperature between these limits. Tlie quantity of heat which must I 
be added to or tiiken from a body to raise or lower its temperature 1 
by T° will therefore be proportional to T, and will, in fact, be given ' 
by the formula 

Q = WST, 



where W denotes the weight of the body, and S its specific heat The 
product \V S ia the tliermal capacity of the whole body. 

Tiie specific heats of different substances differ very widely from 
one another. This is easily tested by the following experiment.^ 

A number of balls, of different 
materials and of equal weight, 
are heated to the same tempera^ 
ture — suppose 200° — and placed 
upon a wax disc. Each of the 
balls gives up part of its heat 
to the wax, causing it to melt, i 
and thus making a hole through | 
which the ball finally drops, I 
The balls of the greatest specific | 
lieat drop through first; thus 
the iron ball falls before the 
copper, the copper ball before 
the tin, &c., while the balls of ■ 
;,. ,, lead and bismuth are much 

slower in their action, and, if '_ 
the disc be niodciateiy thick, never get through at all. 

As another example we may take the following experiment, which I 
serves to show the great difference between the specific beat of mer- J 
cury and that of water. 

Akilognunmeof water at ]0°and akilogramme of mercury at lOO" I 
are poured into the same vessel and well shaken together. The tem- ' 
perature of the whole is then found to be about 1 3°, the water having 
gained 3 units of heat, which have been furnished by the mercury, 
and this loss has caused the temperature of the latter to fall through 

' Cnticallj conBidered, this experitnent gives nndue advantage to the bulla of hekv; j 

nuktcriaJ, becauHo they have not to msJEfl such large Itolea for theauolveB aa tLo lighter ouea, j 

in order to ^t through. U the bolla KTe bU miule of the aame lia, we havo a prettj fair i 
teit of their tAerraal capacilia per unit volunK. 
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ST. Thu3 we see that the specific heat of mercury is about ^ or ~ 
that of wati?r being unity.' 

In order to detcrmiDO thia element exactly, a number of minute 
precautions are required ; in fact, the experiment just described is to 
be regarded merely aa a means of readily exhibiting the difference 
between the specific lieata of the two bodies. The methods of accur- 
ately determining specific heats are various; we shall describe only 
two of them. 

341. Method by Fneion of Ice. — A hole is scooped in a solid block 
of ice, and a lid of the same substance is fitted over it. A body of 
weight W is heated to a temperature T and 
pla(;ed in the hole, which is immediately 
covered with the lid. The bod^ , in cooling 
down to 0°, gives off a quantity of heat which 
melts some of the ice. The water thus ob- 
tained is wiped up with cotton wool, wliich 
is then weighed, liaving previously been 
weighed dry. If the weight of water thus j^g, 31 
found be denoted by m, the quantity of heat 
necessary to produce it is, by § 228, 79 m. But this heat is supplied 
by the body, and has produced in it a fall of temperature amount- 
ing to T°, which correspond to WST units of heat, S being the spe- 
cific heat oi' the body. Hence we Lave WST=79 m, whence S = 




This method is due to the Swedish philosopher Wilke, and is dif- 
ficult of application in our climate. An apparatus, based on the same 
principle, and called the ice -calorimeter, was employed by Lavoisier 
and Laplace, and baa recently been improved by Bunsen {Phil. Mag. 
March, 1871). 

342. Method of Mixtures — Its Principle. — The method of mixtures 
resembles the experiment whicli we have ah'eady described as illus- 
trating the difference between the specific heats of mercury and water,^ 

' Tbe BpeciRc heat a! mercuiy ia almost eitactl]' ^Vt ^^ table % 344. 

' If weigliU K, vf of two substiincei whoM apecifio heats aH t, i and temperaturtBi t, f , 
dre niUed, tha Bubstanu-Bs being mpposed not to met olieniically on oao another, and no 
heat liein^ gikincd oi lost BXteruallj, it in ctaWy shown Uiat the temperature of the miiturt 



and, by appending nddiUonal terma to tulmerator and donuu 
applicable to a mixture of uiy number of lubttawMs. 



r, the formula becomea 
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A body of a known weight W is raised to a fixed temperatare T, 
and then plunged into a quantity of water of weight W and tem- 
perature t, which is contained in a copper vessel called a calorimeter: 
As T is supposed to exceed t, the water gains id temperature by tlie 
immersion of the body, and finaEly attains a maximum temperature 0, 
which is noted In the change from t to 0, the water has gained a 
quantity of heat equal to W '9—t), and the body immersed has lost 
a quantity equal to Wj: (T — fl,, x being the specific heat required. [ 
Equating these two quantities, we have 



whence 



W (fl-0 = Wj:(T-ff), 



(«) 



343. Sonrces of Error. — Such is the principle of the method <rf j 
mixtures i but, upon closer examination, it will easily be seen that J 
equation (a), for various reasons, must be regarded as only approxi- J 
mate. 

I. The equation assumes that the only exchange of heat is between | 
the body and the water, which ia not actually the case, 

1. The body is often contained in an envelope which coola along I 
with it, and thus furnishes part of the heat given up. 

2. The heat of the body is not given up exclusively to the water 
in the calorimeter, but partly to the calorimeter itself, to the thermo- 
meter, and to such other instruments as may be employed in the , 
experiment, as, for instance, a rod to stir the liquid fur the purpose 
of establisliing uniformity of temperature throughout it I 

The equation for the most general case can easily be written down. 
We have only to express that the quantity of beat given up by the 
body and its envelope is equal to that gained by the water, the 
calorimeter, the thermometer, and the rod. 

Let W denote the weight of the body, T its initial temperature, 
flJ its specific heat, m the weight of the envelope, a its specific heat, 
W the weight of the water in the calorimeter, w the weight of the ' 
calorimeter, c its specific heat, w' the weight of the glass of the ther- 
mometer, c' its specific heat, w" the weight of the mercury, c" its i 
specific beat, tu'" the weight of the rod for stirring, c'" its specific 
heat, the final temperature. 

Under these circumstances we evidently have the equation 



a(T-fl) + ina(T-fl) = (W' + wC + iiT'c'+Wc' + W*"c'") (fl-0. 
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(W-l-«e + .r'c'+w'e - + in"O{9-0-iB.i(T-g) 

The above equation is the general type of all equations which occnr 
in questions of this kind ; the only difference that can arise is in the 
number of the terms, since each term represents a quantity of heat 
gained or lost by one of the bodies employed in the experiment 

In the above expression for x, the coefficient of (fl — t) is what is called 
tlie lOUtBr-equival-ent of the calorimeter,^ representing, in fact, a moss 
of water such that, supposing it to receive exclusively all the heat 
given up in the experiment, a thermometer placed in it would indi- 
cate the variation of temperature actually observed. Among the 
elements which enter this coefficient are the specific heat of the 
material of the calorimeter and of the rod for stirring; these are 
generally made of brass, and their specific heat may be considered as 
known with sufficient approximation from previous experiments. 
The two terms connected with the thermometer may be directly 
determined by a previous experiment with a body whose specific heat 
is known. 

II. The calorimeter, when heated by the body immersed in the 
liquid, loses a certain quantity of heat by radiation, which must bo 
takeninto account if we wish to obtain a rigorous result For this 
purpose a very simple method of compensation was proposed by 
Rumford. It consists in lowering the initial temperature of the 
calorimeter below that of the surrounding air by a number of degrees 
equal to the excess of the final temperature above that of the sur- 
rounding air, which may easily be effected by means of a previous 
trial In this case the experiment may he divided into two parts, 
during the first of which the calorimeter gains heat by radiation, 
while during the second it loses heat by the 'same process. As the 
difference of temperature between the calorimeter and the air is 
the same in both cases, we may consider the quantities of heat as 
equal. The compensation, however, is not exact, since the two 
periods are of .unequal length, and accordingly the method adopted 
by most investigators has been different. This consists in deter- 
mining the constant in the expression for the rate of cooling (§ 307), 
and employing it in the direct calculation of the number of degrees 
lost by radiation. In order to effect this calculation, instead of sup- 
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posiog the variation of temperature to be continuous, tbey dividsfl 
the entire length of tbe experiment into a number of parts, duringj 
each of which Ibey suppose tbe eitcess constant, and this method c 
approximation is always found to be sufficient. 

HI. The caIorimet«r loses heat also by the supports on whicb it 
rests. This source of error can never be entirely removed, but it mftj 
ensily be rendered so small as to be quit« insensible^ This is efiected ■ 
by making tbe supports of some substance whicb is a very bad c 
ductor, aud by diminishing the extent of surface of contact between I 
them and the calorimeter. 

Finally, we should ascertain carefully the initial temperature rfl 
the body, and provide against any fall of temperature in traDsferriog f 
it from the place of heating to the calorimeter. 

344. Re^ nault'a Apparatus. — -The subject of specific heat, both for I 
solids and liquids, has been investigated with great care by Regnault^ I 
■who employed for that purpose an apparatus in which the advantages I 




of convenience and precision are combined. The body whose speofia I 
heat is required is divided into small fragments, which are placed in i 
a cylindrical basket G of very fine brass wire. This basket is s 
ponded inside the steamer A, tVie suspending thread being fixed i^M 
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the cork K, through which passes the stem of a thermometer, the 
reservoir of which rests in a small tube in the centre of the basket, 
and made of the same material. Tiie steamer is a double cylinder, 
the inside compartment B of which is filled with steam supplied by 
the boiler V, and afterwards conducted by the tube D into a con- 
denser. In the bottom of the steamer is a aliding-door E, which can 
be drawn out when required. The outside compartment C ia filled 
with air, to prevent the temperature of the inside from cooling by 
contact with the air outside. 

This entire apparatus rests, by means of a sheet of cork, upon a 
hollow metal vessel MN, filled with water, the vertical face of which 
N serves as a screen to protect tiie calorimeter against the heat of the 
fire. The calorimeter itself is a vessel of very thin polished brass, rest- 
ing upon silk threads stretched across the bottom of a larger ve&iel. 
This latter rests by three points upon a small wooden sled, which 
runs smoothly along a rail. The thermometer for measuring the 
temperature of the water in the calorimeter is carried by a support 
attached to the sled. After this explanation of tlie details, we pro- 
ceed to indicate the course of an experiment. 

The body is placed in the basket, introduced into the steamer, and 
there exposed to the action of the steam which is admitted from the 
boiler. During this part of the experiment the calorimeter is kept 
OS far as possible from the steamer. After the lapse of an hour or 
two, the thermometer of the steamer remains stationary. 

The calorimeter is now pushed below the sliding-door E, the door 
is drawn, and tlie basket is rapidly lowered into the calorimeter, 
which is immediately slid liack to its former place. The basket is 
moved about in it for some time, and the final temperature of the 
water is observed. Tlius we have all the elements required for the 
equation given above. 

To determine the specific heats of liquids, a thin gla^ vessel is 
employed, in which the liquid is contained, and the efl'ect pro- 
duced by this envelope is taken into consideration in the general 
equation. 

The. same method is adopted for bodies soluble in water, or upon 
which water has a chemical action, some other liquid being in this 
case substituted, as, for instance, oil of turpentine. The specific heats 
of several substances are given in the following table: — 
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Biuouth, 

Cadminn], 
Charcoal, 

Didnond, 
Tin. . . 



0-0E07T 
005001 
008140 

O'oaosi 

O-OSflBU 
0-211S0 
009215 
014680 
0'05e23 
011379 
005112 



Gold, . . . 


. . 0-032<4 




. . 0-1S870 


Platinum, . . 


. . 0'03a4S 


LeaJ, . . . 


. . 0'03140 


PkuJ«go, . . 


. . 0'218(H> 


Sulphur, . . 


. . 0'202S9 


Gliuia, . . . 


. . 0-1B768 


Zinc, . . . 


. . 000555 


Ice, ... . 


. . 0-50*0 


Benxine, . . 


. . O'SSM-' 


Ether.. . . 


. . 0-61E7 


Oil of turptiiUne 


. . 0'4G2fl 



Mercury 0*03332 

Acetic iiciil. . . . 06580 
Aleohol at 36" . . 00(35 

345. Great Speciflc Heat of Water.— This table illustnitea the 
important tact, that, of all substances, water has the greatest specific 
heat; that is to say, it absorbs more heat in Tramiing, and gives out 
more heat in cooling, througli a given range of temperature, than an 
equal weight of any other substance. The quantity of heat -which 
raises a pound of water from 0° to 100° C. would suffice to raise a 
pound of iron from 0° to about 900° C, that is to a bright red heat; 
and conversely, a pound of water in cooling from TOO" to 0°, gives 
out as much bent as a pound of iron in coohng from 900° to 0', This 
property of water is utilized in the heating of buildings by hot water, 
and in other familiar instances, such as the bottles of hot water used 
for warming beds, and railway foot- warmers. 

It is of especial importance from the influence which it exerts on 
teiTestrial temperatui-es. In fact, when we consider this property 
in conjunction with those which have been indicated in § § 228 and 
2i7, we perceive that all the thermic modifications which water 
undergoes are accompanied by the evolution or absorption of remark- 
ably large quantities of heat. If, for instance, the external tem- 
perature rises, mucli of tlie additional heat is consumed in warming 
the water, or in converting it into vapour, or in melting ice. If, on 
the other band, the temperature falls, a large amount of heat is ^ven 
up to the air by the cooling of the water, the condensation of vapour, 
or the formation of ice. In both cases, the change of temperature is 
greatly mitigated. If the water of the globe were removed, the dif- 
ference of tempei-ature between day and night, and between summ 
and winter, would very far exceed what are observed at present 
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346. Dulong: and Petit'a Law. — Dulong and Petit were the first to 
observe that the product of the specific heat of any body, and what 
ia called in cliemistry its atomic ■weight, is constant. This law is of 
considerable importance, for it shows that atoms require each tlie 
same amount of heat to raise them through the same number of 
degrees. In fact, if w be the atomic weight of a body, and c its 
specific heat, the quantity of heat necessary for a variation of tem- 
perature of 1° iscwj, and it was this product which Dulong and Petit 
found to be constant 

347. Specific Heats of Oasee. — Tlie limits of tliis treatise do not 
permit ua to enter into the details of the complicated processes by 
which the specific heats of gases have been determined. It is neces- 
sary, however, to remark that, in the case of gases, two kinds of 
specific heat must be distinguished. 

1. Specific Heat at Constant Pressure. — This is the quantity of 
heat required to raise the temperature of unit weight of the gas by 
one degree, when the gas is allowed to expand to such an extent that 
its pressure remains unchanged during the whole operation of heating. 

2. Specific Heat at Constant Voiume. — This is the amount of heat 
required to raise the temperature of unit weight of a gas by one 
degree, when the gas is compelled to retain its original volume. 

I The former of these exceeds the latter by the amount of heat con- 
sumed iu producing the expansion. 

A similar distinction exists in the case of liquids and solids, but it 
is not often attended to. What is always understood by specific heat 
in the case of these bodies is in fact their specific heat at constant 
pressure. The resistance of solids and lii|uids to compression is so 
enormous that a pressure of one or two atmospheres may be neglected 
as regards its efiect upon their tem|>erature and thermal capacity. 
But, in dealing witU gases, the case is far othenvise, and one of the 
most important data for the solution of questions in gaseous mechanics 
is the ratio of their two specific lieats. 

The best experiments on the specific neats of gases are those of 
Regnault. They have established the two following conclusions for 
specific heat at constant pressure: — 

(1) The specific heat (or thermal capacity per unit mass) of one and 
the same gas, whether simple or compound, is the aame at all prea- 
gv-ivj* ami temperatvrea. 

specific heats of different simple gases are approximately in 
■alio of their relative densities (§ 220), or of their atomic 
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wuigliU, according to Duloog and Petit's law. This may be otlier- 
wise expressed by saying that all simple gases luive nearly the same 
tliei-mal capacity per unit volume, when at the same pressure ajid 
tein|>erature. 

The specific lieat of dry air [at constant pressure), according to 
Regnault, is '2375; that is to say, tlie thermal capacity of a given 
weight of air is '2375 of that of an equal weight of water. 

The above conclusions (1) and (2) are also true of specific heat at 
coiistant volume, as far as regards simple gases and air (which, being 
merely a mechanical mixture, obeys the same laws as a mmple 
glut). The two following consequences have been experimentally 
confirmed. 

(3) The difference between the two thermal capacUiea 'per unit 
volume, at a given pressure and temperature, is the same for all 
permanent gases. 

(+) The ratio of the two specific heat« is constant for all simple 
goaes, its value being about 111. 

It is important to remark, that the temperatures of the gases in 
Rugnault's experiments were given by an air-thermometer, so that 
hlM result as regards the constancy of specific heat at all temperatures 
may be thus stated: — If eqwxl quantitieB of heat be succeealveiy 
ailded to a gaa at constant pressure, the volume of the gas tvUl 
■increase in arithmetical progression. 

347 a. Belation of FreBsure to Volume when no Heat enterB or 
eBcapes. — Boyle's law asserts that the density of a gas varies directly 
as the pressure, M-hen the temperature is the same in tlie cases com- 
jiared. If no heat is allowed to enter or escape, the temperature of 
the gas will rise when the pressure is increased, and the volume will 
not be so much diminished as it would be if the temperature remained 
constant. 

Suppose that a quantity of gas at volume V, pressure P, and tem- 
perature T, receives a small addition of heat q, the gas being allowed 
to expand at constant pressure, so that its volume becomes V+v, and 
its temperature T + ^ its pressure being still P. 

Now let the gas be compressed without allowing any heat to enter 
or escape, till its volume is V as at first ; and let its temperature now 
be T+i -^(it, and its pressure P+j). 

It is now sensibly in the same condition as if the quantity q of 
heat had been impivrted to it without allowing any change of volume 
to take place; so that the same quantity q of heat wliich Droduces an 
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elevation of temperature t at constant pressure, would produce an 
elevation t-\-^t at constant volume. The speciBc lieats are inversely 
»& these elevations of temperature; hence we liave 



Specific hiutt at comCant volume 

To determine the change of pressure, we have 



therefore |=^J*-^;^-^'; but we have ^. = i-°4t = 
therefore 



(3) 



a result which is of great impoi'tance in connection with the velocity 
of sound. In fact, experiments on the velocity of sound have fur- 
nished the most precise determinations hitherto made of the value of 
1+^, which, as above indicated, is the ratio uf specific heat at 
constant pressure to specific heat at constant volume, and is about 
141.' 

848. Heat of Fusion. — The method of mixtures may be employed 
to determine the quantity of heat absorbed by a body in its passage 
from the solid to the litjuid state. For instance, a piece of ice at 
zero is carefully weighed and plunged into water contained in a 
calorimeter. The temperature of the water falls until a certain limit 
is attained, which is then observed. Suppose now that we have the 
following data: — 

m the thermal capacity of the calorimeter, or the equivalent of 
the calorimeter in weiglit of water ; t its initial temperature ; 8 its 
final temperature i w the weight of the ice; x the latent heat of 
fusion. 

The heat required to melt the ice is vix, and the heat required to 



' It ii essilj tdioim, b; mtcgruCiog equati 
volume uid pressure, when no heat enters at 
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rtise the water wliich it yields to the temperature eis w8. The sum 
(^ these two quantities must be equal to m {(—8), the heat given up 
by the calorimeter; that is, 

from which equation x is easily found. Since this experiment neces- 
sarily occupies a considerable time, the radiation from the calorimeter 
must be taken into account. For this purpose a continual series of 
observations is taken of the temperatures indicated by the thenno- 
motcr immersed in the liquid, and the quantities of heat gained or 
lost are estimated by tlie method described above (§ 343). In this 
way the heat of fusion of ice was fixed by Laprovostaye and 
Desains at 79-5 Centigrade, wliich is equivalent to 14265 Fah- 
renheit 

When the body melts at a high temperature, the method is reversed; 
tlie body is first melted, and then immersed in the calorimeter. In 
doing this, precautions must be taken to prevent the vaporization of 
a portion of the water; for instance, tlie body may be inclosed in a 
small thin box which is not completely opened until towards the 
close of the experiment Suppose we have W, the equivalent of the 
calorimeter in water; t its initial temperature; fl its final temperature; 
w the weight of the body; T its initial temperature; T its melting- 
point; c ita specific heat in tlie solid state; c' its specific heat in the 
liquid state; from these data the equation will evidently be 



W(fl-o = 



wo" (T^T-jt 



c{T-e), 



neglecting the correction for radiation, which can be determined by 
the ordinary methods. 

One of the quantities which enter into this equation is the specific 
heat of the body in the solid state, which may be considered as known. 
The specific heat of the body in the liquid state may be deduced by 
combining this equation with another of the same kind, in which the 
initial temperature of tlie melted body is different In the case of 
bodies which, like mercury and bromine, are liquid at ordinary tem- 
peratures, the specific heat in the solid state can be found by a similar 
but inverse process. 

The following table gives the heats of fusion of several substances, 
together with their specific heats in both states. 
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Ucltlug. point. 


spccia 
Si.La Sum. 


Liquid aww. 


L«t«ntH«Co( 


Water. , . 

Sulphur, ' 
BrominB, . 
Hn, . . . 
Biunuth, . 
Lead, . . 






0' 
44-20 
111 
-7 '32 
332 
286 
328 
-3B 




5040 
2000 
2020 
0840 
0580 
0308 
0314 
0319 


1 


0000 
2000 
2340 
1870 
0840 
0883 
0402 
0333 


7B-250 
£-400 
ft'368 
18'185 
14'2fia 
12640 
fi-369 
a-820 



349. Heat of Evaporation, — The latent heat of evapoi-ation of 
water, and of some other liquids, can be determined by means of 
Despretz's apparatus, which is shown in Fig. 306. 

The liquid is boiled in a retort C, which is connected with a worm S 




BUTTOunded by cold water, and terminating in the reservoir R The 
vapour is condensed in the worm, and collects in the reservoir, whence 
it can be drawn by means of the stop-cock r. The tube T, which is 
fitted with a stop-cock r, serves to establish communication between 
the reservoir and the atmosphere, or between the reservoir and a 
space where a fixed pressure is maintained, so as to produce ebulli- 
tion at any temperature required, which is indicated by the tliermo- 
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meter /. A is an agitator for keeping the water at a uniform tem- 
perature, which is indicated by the thermometer ('. 

In using the apparatus, the first step is to boil the liquid in the 
retort, and when It la in active ebullition, it is put in communication 
with the worm. The temperature of the calorimeter has previously 
been lowered a certain number of degrees below that of the surround- 
ing air, and the experiment ceases when it baa risen to the same 
number of degrees above. The compensation may thus be considered 
as complete, since the rate of heating is nearly uniform. 

If W be the equivalent of the calorimeter in water, t its initial 
temperature, fl its final temperature ; then the quantity of heat gained 
by it is W {9-t). This heat comes partly from the latent heat dis- 
engaged at the moment of condensation of the vapour, pai'tly from 
the loss of temperature of the condensed water, which sinks from T, 
the boiling-point of the liquid, to the temperature of the calorimeter. 
If, then, X denote the latent heat of evaporation, w the weight of the 
liquid collected in the box R, and c its specific heat, we have the 
equation 

W (0-i) = vix + vie{T-9). 



This experiment is exposed to some serious causes of error. The 
calorimeter may be heated by radiation from the screen F which 
protects it from the direct radiation of the furnace. Heat may also 
be propagated by means of the neck of the retort. Again, the vapour 
is not dry when it passes into the worm, but cairies with it small 
drops of liquid. Finally, some of the vapour may be condensed at 
the top of the retort, and so pass into the worm in a liquid state. 
This last objection is partly removed by sloping the neck of the 
retort upwards from the fire, but it sometimes happens that this 
precaution is not sufficient 

350. Begnault's Experiments, — The labours of Regnault in con- 
nection with the subject of latent heat are of the greatest importance, 
and have resulted in the elaboration of a method in which all these 
sourcea of error are entirely removed. The results obtained by him 
are the following; — 

The quantity of heat required to convert a kilogramme of water 
at 100° into vapour, without change of temperature, is 537 kilogramme- 
degrees or calories. 

If the water were originally at zero, the total amount of heat 
required to convert it into vapour at 100° would be 637 calories — - 
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100 to raise it to 100°, and 537 more to convert it into vapour. It 
is this total amouDt wliich is most important to know in the applica- 
tions of heat in the arts. 

In general, if Q denote the total quantity of heat' required to 
transform water at zero into vapour at the tempei-ature T, the value 
of Q may he deduced with great exactness from the following equa- 
tion : — 

Q = a065 + -3ti5T. H 

From what we have said above, it will be seen that if X denote the 
latent heat of evaporation at temperature T, we must have 



whence, by substituting for Q in {«). \ 



(1) 



From (a) we can find the total heat for any given tempei-atnre, and 
from {b) the latent heat of evapoi-ation at ao}' given temperature. 
The results for every tenth degree between 0° and 230° are given in 
the following table; — 



TMnpemtu™ 


Lalonl 


ToWl 




L.t..t 


Tntri 




Hut. 


Bat. 




Unt. 


Hot. 


0" . . . 


60fl 


flOB 


V^O'. . . 


522 


642 


10 








60O 


eio , 


130 








616 


64fi 


20 








593 


613 


140 








508 


64S 


30 








fisa 


fllO 1 


150 








601 


851 


(0 








57fl 


BI9 1 


160 








i»t 


664 


60 








573 


622 


ir« 








m 


056 


60 








56S 


SS5 


180 








m 


ese 


70 








558 


628 


ISO 








«T2 


662 


80 








C51 
644 


631 
634 


200 

aio 








464 
46T 


664 

667 


too 








B37 


637 


220 








449 


668 


110 








£29 




230 








442 


672 



To reduce latent heat and total heat from the Centigrade to the 
Fahrenheit scale, we must multiply by =. Thus the latent and total 
heat of steam at 21 2° F. are 96G-6 and 114G'6. We subjoin a table, 
taken from the researehes of Favre and Silbermann, giving the latent 
heat of evaporation of a number of liquids at the temperature of their 
boiling-point, vefeir^ *^ the Centigrade scale : — 

" i»tnnit«I vapour at T°, or the total hent of vapor- 
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BalllDg- 
poiDt. 


Litmt 




■ss- 


Hb.», 


WoiHi spirit, . . . 


6S'fi 


2ei 


Acetic acid, , . . 


120° 


102 


Abdotute olcobDl, . . 


78 


208 


Butyric aoid, . . . 


1«* 


116 


Valeric alcohol, . . 


78 


121 


Volerioftcid. . . . 


175 


104 




88 


Bl 


Acetic elher. . . . 


7* 


100 




3S 


68 


Oa ot turpeutine, . . 


156 


69 


VsUrio rtliar, . . . 


113-6 


113-5 




IBS 


TO 


Ponnioadd. . . . 


100 


IfiB 









351. Heat Dieenga^d in Chemical Combinations. — A very con- 
Tenient apparatus has been invented by Favre and Silbermann for 



meaauring the hent given off in chemical reactions.' It is a kind of 
large mercurial thermometer (Fig. 307), the reservoir E. of which is 
made of iron, and contiiios one ur more cylindrical openings eimilax 
to that shown at in. Into these are fitted tubes of glass or platinum, 
in which the chemical reaction takes place. One of the substances 
is introduced first, and the other, which is liquid, is then added by 
means of a pipette bent at E, and containing the liquid in a globe, 
as shown in the figure. This is effected by raising the pipette into 
the position indicated by the dotteil lines in tlie figure. 

In the upper part of the reservoir is an opening fitted with a tube 
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containiog a steel plunger P, whicU descends into tlte mass of mer- 
cury, and can be screwed down or up by turning the handle M. To 
prepare the apparatus for use, the plunger is so adjusted that the 
mercury stands at the zero-point of the graduated tube tt', the reac- 
tion is then allowed to take place, and the movement of the mer- 
curial column is observed with the telescope L. In order to measui-e 
the quantity of heat corresponding to this displacement, a known 
weight of hot water is introduced into the reservoir, and allowed to 
give up its heat to the mercury; the displacement of the mercurial 
column is then observed, and since the quantity of heat correspond- 
ing to this displacement is known, that corresponding to any other 
displacement can easily be calculated. The iron reservoir is inclosed 
in a box filled with wadding or some other non-conducting material' 

When the chemical reaction takes the 
form of combustion, a different arrange- 
ment is necessary. An apparatus of great 
perfection has been devised by Favre and 
Silbermaun for this purpose, but it is of 
too complex a construction to be de- 
scribed here. A sufficiently accurate idea 
of the general method adopted in these 
caaea will be obtained by a study of the 
much simpler apparatus employed for 
the same purpose by Dulong. 

It consists of a combustion-chamber C 
Burrounded by the water contained in a 
calorimeter D, in which moves an agitator 
whose stem is shown at A. The com- 
bustible substance, if it be a gas, is con- 
ducted into the chamber through the combnition. 
tube h, and the oxygen necessary for 

its combustion enters by one of the tubes / or p'. The products 
of combustion pass through tlje worm *, and finally escape, but 




I 



' In the mode of eiperiuumUtion wlupteit by Dr. Anitrews, the comliinB^oii takei place 
in ■ thin copper vesasl inclDacd iu a calorimeter at nnter to wliioh it givea up ita beat; anil 
the rise of tiimporatuce in the water is observed witli a very delicate thermometer, ths 
water being agitated nSn** fcr ilirriDg with n g-loaa rod or bj making the whole appantiu 
levolie about a hoiiKP 

Id exprrimeating ' ^buaUon, the oxygen and the substance to be burned 

an intmduued int •!, which is inalosed in the calorimeter aa aboye, 

9UU of electricity. 
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not until they have fallen to the temperature of the water in t 
calorimeter. This condition ia necessary to the exactness of the I 
result, and its precise fulfilment is verified by observing the tern- [ 
peratures indicated by the theiTnometera ( and t', the former of which J 
gives the temperature of the water, and the latter that of the pro- I 
ducts of combustion at their exit These two temperatures should I 
always agree. The progress of the combustion is observed through ( 
the opening p, which is closed by a piece of glass. Some of the I 
results obtained by this method are given in the following table, the J 
combustion being supposed to take place in oxygen, with the excep- J 
tion of the second example on the list 

Heats or Coubuhtios.' 
(Refemd M the Centignde Scale.) 



B^dntgen, 31,1S2 

Hjdrogen with oUorine. . 23,783 

Carbonic uxiJe, .... 3,403 

Marah-giu 13,063 

Charcoal 8,080 

Graphite 7,797 

IMomond, 7.770 

NaUve sulphur. . , . , 2,261 



Soft sulphur, . 
Sulphide of rnrbol 
OleGanC gaa, 
Ether, . . . 
Alooh-il, . . . 

Stearic acid 9,fll6 

OU of turpentine, .... 10,8S2 



9,02S 



Of all substances hydrogen possesses by far the greatest heat o£ J 
combustion. This fact accounts for the intense heating effects which I 
can be obtained with the oxy-hydrogen blowpipe, in which an annular I 
jetof hydrogeniscompletelyburned bymeansofacentraljet of oxygen. J 
It is to be observed that the heat of combination observed by the J 
above methods includes the heating or cooling effect of the changes ] 
of volume which usually accompany chemical combination. 
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e degree Centigrade by the heat evolved in the 


combuBtioQ of the BubaUnoe. For 


eutnple 




enough heal to raise 8080 pOQIula 


of water 


one degree. 
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3fi4. Connection between Heat and Work. — Tbat heat can be made 
; to produce work is evident whon we consider tliat the work ^..-^ 
I done by steam -engines and other lieat-eDgiues is due to tbis 
f source. 

Conversely, by means of work we can produce heat. Fig. 
310 represents an apparatus Bometimes called the pneumatic 
tinder-box, consisting of a piston working tightly in a glass 
barrel If a piece of gun-cotton be fixed in the cavity of 
thepiston, and the air be then suddenly compressed, so much 
heat will be developed as to inflame the gun-cotton. 

A singular explanation of this effect was at one time jmt 
forward. It was maintained that heat or caloric was a kind 
of imponderable fluid, which, when introduced into a body, 
produced at once an increase of volume and an elevation 
of temperature. If, then, the body was compressed, the 
caloric which had served to dilate it was, so to speak, 
equeezeil out,^ and hence the development of heat. An 
immediate consequence of this theory is that heat cannot be 
increaaed or diminished in quantity, but that any addition IJ||||||I 
to the quantity of heat in one part of a system must be ' 

compensated by a corresponding loss in another part But 
we know that there are cases in which heat is produced by 
two bodies in contact, without our being able to observe any 
traces of this compensating process. An instance of this is 
the production of heat by friction. 

36iS. Heat produced by Friction. — Friction is a well-known 



I, the tbernutl capunt; of the body wm ■uppooed to be 
^ amount of heat contuned in it, nithout undergoing anj 
■■(her temparature. 
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source of heat. Savages are said to obtain fire by rubbiog two pieces I 
i>{ dry wood together. The friction between the wheel and axle in 1 
riiilway-caiTiages frequently produces the same effect, wlien they I 
have been insufficiently greased; and the stoppage of a train by J 
applying a brake to the wheels usually produces a shower of sparks, f 
The production of heat by friction may be readily exemplified by I 
the following experiment, due to Tj'ndall. A glass tube containing^ 
water (Fig. 311), and closed by a cork, can be rotated rapidly abool 




its axis. While thus rotating, it is pressed by two pieces of wood, I 
covered with leather. The water is gnuluaUy wanned, and finally J 
enters into ebullition, when the cork is driven out, followed by a jefrl 
of steam. Friction, then, may produce an intense heating of tbeJ 
bodies rubbed together, without any corresponding loss of beat else- 1 
where. 

At the close of last century, Count Rumford (an American in the! 
service of the Bavarian government) called attention to the enormous fl 
amount of heat generated in the boring of cannon, and found, in a I 
special experiment, that a cylinder of gun-metal was raised from the f 
tempei-atine of G0° F. to that of 130° F. by the friction of a blunt steel J 
borer, during the abrasion of a weight of metal equal to about 95^ "^ I 
the whole mass of the cylinder. In another experiment, he sur-l 
rounded the gun by water {which was prevented from entering tiieJ 
bore), and, by continuing the operation of boring for 2^ hours, I 
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made this water boU. In reaGoning from these experiments, he 
strenuously maintained thnt heat cannot be a material substance, but 
must consist in motion. 

The advocates of the caloric theory endeavoured to account for 
these effects by asserting that caloric, which was latent in tlie metal 
when united in one solid mass, had been forced out and rendered 
sensible by the process of disintegration under heavy pressure. This 
supposition was entirely gratuitous, no difference having ever been 
detected between the properties of entire and of comminuted metal 
as regai'ds thermal capacity ; and, to account for the observed effect, 
the latent heat thus supposed to be rendered sensible in the abrasion 
of a given weight of metal, must be sufficient to raise 950 x "0, that is 
66,500 times its own weight of metal through 1°. 

Yet, strange to say, the caloric theory survived this exposure of 
its weakness, and the, if possible, still more conclusive experiment 
of Sir Humphrey Davy, who showed that two pieces of ice, ivhen 
rubbed together, were converted into water, a change which involves 
not the evolution but the absorption of latent heat, and which cannot 
be explained by diminution of themjal capacity, since the specific 
heat of water is much greater than that of ice. 

Davy, like Rumford, maintained that heat consisted in motion, 
and the same view was maintained by Dr. Thos. Young; but the 
doctrine of caloric nevertheless continued to be generally adopted 
until about the year 1840, since which time, the experiments of Joule, 
the eloquent advocacy of Meyer, and the mathematical deductions of 
Thomson, Kankine, and Clausius, have completely established the 
mechanical theory of heat, and built up an accurate science of thermo- 
dynamics. 

356. Foucault'a Experiment. — The relations existing between elec- 
trical and thermal phenomena had considerable influence in leading 
to correct views regarding tlie nature of heat. An experiment 
devised by Foucault illustrates these relations, and at the same 
time furnishes a fresh example of the production of heat by the 
performance of mechanical work. 

The apparatus consists (Fig, 312) of a copper disc which can be 
made to rotate with great rapidity by means of a system of toothed 
wheela The motion is so free that a very slight force is sufficient to 
maintain it. The disc rotates between two pieces of iron, constituting 
the arr^^^^*'' one of thusu temporary magnets which are obtained 
by t elcctiic current (called electro-magnets). If, 
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while the disc is turning, the cun-ent is made to pass, the armatorea 
become atronglj magnetized, and a peculiar action takes place between 
them and the disc, consisting in the formation of induceil currenta in 
the latter, accompanied by a resistance to motion. As long as the 




magnetization is continued, a considerable effort is necessary to 
maintain the rotation of the disc ; and if the rotation be continued 
for two or three minutes, tlie disi; will be found to have risen some 
50° or 60° C. in temperature, the heat thus acquired by the disc being 
the equivalent of the work dune in maintaining the motion. It is 
to be understood that, in this exgierunent, the rotating disc does not 
touch tiie armatures ; tlie resistance which it experiences is due en- 
tirely to invisible agencies. 

The Ciperimeut may be varied by setting the disc in very rapid 
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rotation, while no current ia passing, then leaving it to itself, and 
immediately afterwards causing the current to pass. The result will 
be, tliat the disc will be brought to rest almost instantaneously, and 
will undergo a very slight elevation of temperature, the heat gained 
being the equivalent of the motion which is destroyed. 

3fi7. Ueohanical Equivalent of Heat. — Tiie most precise determina- 
tion yet made of the numerical relation subsisting between heat and 
tnechanical work was obtained by the following experiment of Joule, 
He constructed an agitator which is somewliat imperfectly repre- 
sented in Fig. 313, consisting of avertieal shaft carrying several sets 
of paddles revolving between stationary vanes, these latter serving 




to prevent the liquid in the vessel from being bodily whirled in the 
direction of rotation. The vessel was filled with water, and the 
agitator was made to revolve by means of a cord, wound round the 
upper part of the shaft, carried over a pulley, ajid attached to a 
weight, which by its descent drove the agitator, and furnished a 
measure of the work done. The pulley was mounted on friction- 
wheels, and the weight could be wound up without moving the 
paddles. When all corrections had been applied, it M'as found that 
the heat communicated to the water by tJie agitation amounted to 
one pound-degree Fahrenheit for every 772 foot-pounds of work 
spent in producing it This result was verified by various other 
forms of experiment, and may be assumed to be correct within about 
one foot-pound. Tiie experiments were made at Manchester, where 



g M 32'IM, And it k to be bene in mtod UmI m faob-posBd does aat 
denote preeiaely tfae mae anoani of voric at •!) phew «■ tfce e«rth'% 
Mir&ee, boi relies in direct praportton to tfae bktenntj of eoiify. 
The diScreooe in iU valne in pwing froci ooe p i ec e to eontlwr •■ 
the oulli in, however, ttot gieeter than the pmiable ctror *£ tha 
number 772. We niey tbetefow^ with about •■ moch n ecor ee y as ii 
WBinnted bjr the preecnt atate of oar knowledge, aaaert thai the 
energjr eoaprieed io one poond-d^ree Fahrenheit b eboat T7t terriia 
trial Ibot-poaods.' 

The mechanical eqairalent of the ponnd-degree CeotignuJe n-^f^ 
tbb, or aboat 1990 fuot-pounds. 

The nuuber 772 or 1390, according to the scale of (^npentora 
mdi'.ipterl, is commonly called JottU'a equivalent, taA u denoted ia 
formtihe by tJie letter J. If we t&ke the kilogmmme^egree Geo^ 
grade for unit of beat, and the kilogrammetre for unit of wotk, the 
value of J will be 424. 

8971- First Law of Theimo-djrnunica. — Whenever work is pn>- 
Ibnnod by the agency of heat, an amonnC of beat disappears eqoi- 
vnleiit U> the work jierionned ; and whenever mecbanical work is 
Kiw^nt in generating heat, the heat generated is equivalent to tfae 
work thus spent; that is to say, w« have in both cases 



W denoting the work, H the beat, and J Jonle's equivalent. This 
ia called i\\Qjivnt law of thermo-dynamica, and it is a particular case 
of the great natural law (§ 63 k) which asserts that energy may be 
trnnitinuted. but is never created or deiitroyed. 

It may be well to remark here that work is not energy, but Is 
rather the process by which energy ia transmuted {§ 53 J). amount of 
work being measured by the amount of energy transmuted. When- 
over work is done, it leaves an effect behind it in the sliape of energy 
of some kind or other, equal in amount to tlie energy consumed in 
perforuiing the work, or, in other words, equal to the work itself. 

As regards the nature of heat, there can be little doubt that best 
properly so called, that is sensible as distinguished from latent heat, 
consists ill some kind of motion, and that quantity of heat is quan- 

' In olwolutB iinita of work, of whioh t, foot-pound conlwni g, the eqoiralent of s poond- 
Angms IfulinrHhoit li 772 k Ba-llH =218fl4, whioh » wittin lem tban 1 per cuiii of 25,000, 
H«nc« llie lient-o<iuivol«nt r.f iLo kinetic energy of ■ niMa of m p.unds moving with a »elo. 
dlf rf » foot per »«onJ ia »pproiiiiuilelj i m n' -§- 2G000, or fi me* -i- 100000. 
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tity of energy of motion, or kinetic energy (§ 53 1), wheveas latent 
beat consists in energy of position or potential energy (§ 53J}. 

We have already had, in the experimentB of Riiniford, Davy, 
Foucault, and Joule, some examples of transmutation of energy; but 
it will be instructive to consider some additional instances. 

When a steam-engine is employed in hauling up coala from a pit, 
an amount of heat is destroyed in the engine equivalent to the energy 
of position which is gained by the coal. 

In the propulsion of a ateam-boat with uniform velocity, or iii the 
drawing of a railway train with uniform velocity on a level, there is 
no gain of potential energy, neither ia there, as fur as the vessel or 
train is concerned, any gain of kinetic energy. In the case of the 
steamer, the immediate effect consists chiefly in the agitation of the 
water, which involves the generation of kinetic energy; and the 
ultimate effect of this is a waiming of the water, as in Joule's experi- 
ment. In the case of the train, the work done in maintaining the 
motion is spent in friction and concussions, both of which operations 
give heat as the ultimate effect Here, then, we have two instances 
in which heat, after going through varloua transformations, reappears 
as heat at a lower temperature. 

In starting a train on a level, the heat destroyed in the engine 
finds its equivalent mainly in the energy of motion guined by the 
train ; and this energy can again be transformed into heat by turning 
off the steam and applying brakes to the wheel* 

Wlien a cannon-ball is fired against an armour pkte, it is heated 
red-hot if it fails to penetrate the plate, the energy of the moving 
ball being in this case obviously converted into heat. If the plate 
is penetrated, and the ball lodges in the wooden backing, or in a 
bank of earth, the ball will not be so much heated, although the total 
amount of heat generated must still be equivalent to the energy of 
motion destroyed. The ruptured materials, in fact, receive a large 
portion of the heat, The heat produced in the rupture of iron is well 
illustrated by punching and planing machines, the pieces of iron 
punched out of a plate, or the shavings planed off it, being so hot 
that they can scarcely be touched, although the movements of the 
punch and plane are exceedingly slow. The heat gained by the iron 
is, in fact, the equivalent of the work performed, and this work is 
considerable on account of the great force required. 

357b. Heat Lost ia Expansion. — The difference between the specific 
heat of a gas at constant pressure and at constant volume, is almost 
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exactly tlie equivalent of tlie woik. which the gas at constant prea- : 
sure perfonna in pushing buck tlie surrounding atmoaphei-e. Joule 
immefaod two equal vessels in water, one of them containing highly- I 
compressed air, and the other being exhausted; and when they were 
both at the temperature of the water he opened a stopcock which 
phiced the vessels in cuminuuiciitiou. The compressed air thus 
ex[>anded to double its volume, but the temperature of the surround- 
ing water was unaltered, the heat converted into enei^ of motion 
by the expansion being, in fact, compensated by the heat generated 
in the destruction of this motion in the previously vacuous vessel. 
This experiment shows that, when air expands without having to 
overcome external resistances, its temperature h not sensibly changed , 
by the expansion, I 

Suppose we have a cylinder whose internal section is a square ] 
decimetre, and that a piston travelling in this cylinder is pushed j 
outwards by the expansion of air in the cylinder. Let the air be 
initially at 0° C, and occupy 1 decimetre in length of the cylinder. 
ao that its volume at this temperature is a cubic decimetre, and let 
this air be expanded at the constant pressure of 7C0 mm. by the 
addition of heat, until it occupies double its initial volume, and bos 
therefore pushed the piston a distance of 1 decimetre. Since air 
expands by ^ of its volume at 0° for each degree, the final tempera- 
ture will, in this case, be 273° C, and since the specific heat of air at 
constant pressure is 2.37, and the weight of the air is 1 293 gramme, 
the heat taken up by the air is 

£73 K -£37 K I'2e3 = BS'OB gmmms-degreas. 

Now the pressure of 760 mm. is equivalent to 1 033 kilogrammes per 
square centimetre; hence the total pressure resisting the advance of 
the piston is 1033 kilogrammes, which is overcome through a dis- 
tance of 1 decimetre, so that the work done against atmosphenc 1 
resistance is 1033 kilogrammetres. I 

Joule's equivalent for a kilograrame-degree is Hi kilogrammetres. I 
The heat- equivalent of the work done in the present case is there- I 
fore ^g-- = 02436 kilogramme-degree ^ 24'36 gramme-degrees, I 

Hence, of the whole heat 8360 received by the air in the cylinder, J 
24*36 has been spent in doing external work, leaving 59 3 as the I 
amoimt which would have sufficed to raise the air to the same tem- 1 
perature if no external work bad been performed. Now the ratio I 



THEBUIC ENGINES. 



453 



I 



of 83C6 to 593 is 1-41, which, as we have already seen (§ 317), is 
the ratio of specific heat at constant presBure to specific heat at con- 
stant volume. 

In the case of air and perfect gases, the beat gained by compres- 
sion or lost in expansion is almost tbe exact equivalent of the 
external work performed. 

In view of these facts, the specific heat of a gas at constant volump 
is often called the true apecijio heat of tbe gas, Tbe heat reiniired 
to produce a given change of temperature in a gas, when its volume 
cimnges in any specified way, may be computed to a very close 
approximation by calculating tlie work done by the gas against 
external resistances during its change of volume, and adding the 
heat-equivalent of this work to tbe heat which would have produced 
the same change of temperature at constant volume. The true 
specific beat of air tn this sense is *1CS. 

358. Thermic Engines. — In every form of thermic engine, work is 
obtained by means of expansion produced by heat, tbe force of ex- 
pansion being usually applied by admitting a hot elastic fluid to 
press alternately on opposite sides of a piston travelling in a cylinder. 
Of the heat received by tbe elastic fluid from the furnace, a part 
leaks out by conduction through the sides of the containing vessels, 
another part is carried out by tbe fluid when it escapes into the air 
or into the condenser, the fluid thus escaping being always at a 
temperature lower tlian tbat at which it entered the cylinder, but 
higher than that of tbe air or condenser into which it escajves; but 
a third part has disappeared altogether, and ceased to exist as heat, 
having been spent in the performance of work. This third part is 
the exact equivalent of the work performed by the elastic fluid in 
driving tbe piston.' and may therefore be called tbe heut iititized, or 
tbe heat conveiied. 

The fffi-ciency of an engine may he measui-ed by tke ratio of the 
heat tlixts converted to the whole amount of heat which enters the 
engine; and we shall use the word efficiency in tbia sense. 

SfiSA. Camot's Investigations. — The first approach to an exact 
science of tbermo- dynamics was made by Carnot in 182t. By rea- 
soning based on tbe theory which reganls beat as a substance, but 
which can be modified so as to remain conclusive when beat is 
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I 4 fonn of eaergy, he establialied the following prin- 

I, Tilt riknwai agency by which Tuechanical effect Tnay be obtained 
^ tnmt^erenu of heat frtym one body to another at a lower tem- 

These two bodies lie calls tlie aource and the refriiferator. 
the view geneniUy received at that time regarding the 
of beftt, be supposed tliat all tlie beat received by an engine 
«m ciwn out by it again aa heat; so that, if all lateral escape was 
Mvvvatc^), all the heat drawn by tlie engine from the source was 
mvtm bv tlie engine to the refrigerator, just as the water which by 
its descent ttirns a mill-whee!, rtina off in undiminished quantity at 
• lower level. We now know that, wlien heat is let down througli 
*o engine from a higher to a lower temperature, it is diminished in 
amount by the equivalent of the work done by the engine against 
vxtrrnal resistances. 

He further shows that the amount of work which can be obtained 
by letting down a given quantity of heat — or, as we should say witli 
our present knowledge, by partly letting it down and partly oon- 
auming it in work, is increased by raising tlie temperature of the 
source, or by lowering the temperature of the refrigerator; and estab- 
lishes the following important principle: — 

II. A perfect thervio-dynamio engine is auch that, whatever amount 
of mechanical effect it can derive from a certain thermal agency; 
if" an equal amount be spent in t/iorking it backwards, an equal 
■nverse thermal effect will be produced. This is often expressed by 
spying that a completely reversible engine is a perfect engine. 

By a perfect engine is here meant an engine which possesses the 
maximum of efficiencj' compatible with the given temperatures of its 
aource and refrigerator; and Oamot here asserts that all completely 
reversible engines attain this maximum of efficiency. The proof of 
this important principle, when adapted to the present state of our 
knowledge, is as follows: — 

Let there be two thermo- dynamic engines, A and B, working 
between the same source and refrigerator ; and let A be completely 
reversible. Let the efficiency of A be m, so that, of the quantity Q 
of beat which it di-aws from the source, it converts 7iiQ into mechan- 
ical effect, and gives Q— mQ to the refrigerator, when worked for- 
wards. Accordingly, when worked backwards, with the help of 
work «iQ applied to it from without, it takes Q — mQ from the 
refrigerator, and gives Q to the source. 
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In like manner, let the efBcieuey of B be m', so that, of heat Q' 
which it draws from the Bource, it converts m'Q' into mechanical 
effect, and gives Q'— m'Q' to the i-efrigemtor. 

Let tbia engine be worked forwards, and A backwarda Then, 
upon tlie whole, heat to the amount Q'— Q is drawn from the source, 
heat m'Q'— mQ is converted into mechanical effect, and heat 
Q'-Q— ("i'Q'— ?)i Q) is given to the refrigerator. 

If we lujikc m'Q'^7?iQ, that is, if we suppose the external effect 
to be nothing, heat to the amount Q'— Q or f " - 1) Q is carried from 
tlie source to tlie refrigerator, if m be greater than m', that is, if the 
reversible engine be the more efficient of the two. If the other 
engine he the more efficient, heat to the amount P--') Q is trans- 
ferred from tiie refrigerator to the sourue, or lieat pumps itself up 
from a colder to a warmer Ijody, and that by means of a machine 
which isself-acting, for B does work which is just sufficient to drive A. 
Such a result we are entitled to assume impossiblo, therefoi-c B cannot 
be more tfBcient than A, 

Another proof is obtained by making Q'=;Q. The source then 
neither gains nor loses heat, and the refrigerator gains (m— 77*') Q, 
which is derived from work performed upon the combined engine 
from without, if A be more efficient than B. If B were the more 
efficient of the two, the refrigerator would lose heat to the amount 
(■ra'—m) Q, which would yield its full equivalent of external work, 
and thus a machine would be kept going and doing external work 
by meiins of heat drawn from the coldest body in its neighbourhood, 
a result which cannot be admitted to be possible. 

8S8b, Second Law of Thenno-dynamics. — It follows, from the prin- 
ciple thus established, tliat all reveraibU evr/ines with the same tem- 
peratures of source and refrigerator have the same efficiency, whether 
tlie working substance employed in them be steam, air, or any other 
material, gaseous, liquid, or solid. Hence we can lay down the fol- 
lowing law, which is called the second law of thermo-dynamics ; the 
efficiency of a completelT/reversibleengineisindepeTident of the nature 
of the viorldng substance, and depends only on the teinperaturea at 
which the engine takes in and gives out heat; and the efficiency of 
such an engine is the limit of possible efficiency for any engine. 

A fi appendices to this law it has been further established: 

Lwhen one of the two temperatures is fixed, the efficiency 
\- i^rtional to the difference b^jyeen the two, provided 
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this difference iB very small. This holds good for all scales of tem- 
perature. 

2. From calculattons relating to an imaginary engine of special 
simplicity, in which a permanent gas is the working substance, it 
has been determined that the efficiency of a reversible engtue is 
approximately —■f-, T denoting the upper, and T the lower tem- 
perature between which the engine works, reckoned from absolute 
zero (§ 21!>A), on the air- thermometer. This is more easily remem- 
bered when stated in the following moi-e .symmetrical form. Let Q 
denote the quantity of beat taken in at the absolute temperature T, 
Q' the quantity given out at the absolute temperature 'f, and con- 
sequently Q— Q' Iho heat converted into mecliauical eiFcut, then we 
shall have approximately 

« _ 5' - ^^' 

358o, AbBolnte Bcale of Temperature. — In ordinary thermometerR, 
temperatures are measured by the apparent expansion of a liquid in 
a glass envelope, If two thermometers are constructed, one with 
mercury and the other with alcohol for its liquid, it is obviously 
possible to make their indications agree at two fixed temperaturea 
If, however, tli^ volume of the tube intervening between the two 
fixed points thus determined he divided into the same number of , 
equal parts in the two instruments, and the divisions be numbered 
as degrees of temperature, tlie two instruments will give different ' 
indications if plunged in the same bath at an intermediate tempera- 
ture, and they will also differ at temperatures lying beyond the two ' 
fixed |>oints. It is a simple matter to test equality of temperature, 
but it is far from simple to decide upon a test of equal differences of 1 
temperature. Different liquids expand not only by different amounta l 
but by amounts wiiich are not proportional, no two liquids being I 
in tliii! respect in agreement 

hi the case nf permanent gases expanding under constant pressure ' 
till; dincordiinces are much leas, and may, in ordinary circumstoncea. j 
li' ueglecti'd. Hence ga-ses would seem to be indicnted by nature OB ] 
tlio proper hubstances by which to measure temperature, if difierenoei , 
<'{ Wnipeiature are to be measured by differences of volume. 

II. in alHo fM>mibIe to establish a scale of temperature by assuming I 
tlmt w^me one substance rises by equal increments of temperature o 
WWrfvlngMUCCOMiive equal additions of heat; in other words, by makinj 
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some one substance the standard of I'efereuce fur specific heat, and 
assuming the specific heat of this substance to be the same at all 
teniperatures. Here, again, the scale would be different according to 
the liquid chosen. A misture of equal weights of water at 0° C and 
100° C. will not have precisely the same temperature as a mixture 
of equal weights of mercury at these teniijcratures. If, however, we 
resort to permanent gjises, we find again a very close agreement, so 
that, if one giis he assumed to have the same specific heat at all tem- 
peratures (whether at constant volume or at constant pressure), the 
specific heat of any other permanent gas will also be sensibly in- 
dependent of temperature. More than this;— the measurement of 
temperature by assuming the specific lieats of permanent gases to 
be constant, agrees almost exactly with the measurement of tem- 
perature by the expansion of permanent gases For, as we have 
seen (§ 347), a permanent gas under constant pressure has its volume 
increased by equal amounts on receiving successive equal additions 
of heat 

The air- thermometer, or gas-theiinometer, then, has a greatly 
superior claim to the mercury thermometer to be considered as fur- 
nishing a natural standard of tempei-ature. 

But a scale which is not only sensibly but absolutely independent 
of the peculiaidties of particular substances, la obtained by defining 
temperature in such a sense as to make appendix (2) to the second 
Uiv} of thermo-dynnmics rigorously exact. According to this system. 
the ratio of any two temperatures is the ratio of the two quantities 
of heat which would be drawn from the source and supplied to the 
refrigerator by a completely reversible thermo-dynamic engine work- 
ing between these temperatures. This ratio will be rigorously the 
same, whatever the working substance in the engine may be, and 
whether it be solid, liquid, or gaseous. 

358d. Heat required for Change of Volunta and Temperature. — The 

amount of heat which must be imparted to a body to enal>le it to 

pass from one condition, as regards volume and temperature, to 

another, is not a definite quantity, but depends upon the course by 

which the transition is effected. It ia, in fact, the sum of two quan- 

rttties, one of them being the heat which wouM be requir&l if the 

WMS^miion were made "without external work-^aa in Joule's esperi- 

^■h^ of the expansion of compressed air into a vacuous vessel — and 

rbeing (As h,eat equivalent to the external work which 

^in making the lran0i^i*~ As regards the first 
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these quantities, its amount, in the case of permAnent gnses, depends 
almost entirely upon tlie difference between the initial and iinal tem- 
peratures, being sensibly independent of the change of volume, as 
Joule's experiment shows. Iti the caae of liquids and solids, it» . 
amount de^iends, to a very large extent, upon the change of volume, | 
so that, if the expansion which heat tends to produce is foi-dhly I 
prevented, the quantity of heat required to produce a given rise of 
temperature is greatly diminished Tliis contrast is sometimes es- ' 
pressed by saying that expansion by beat involves a large amount J 
of interna] work in the case of liquids aud solids, and an exceedingly J 
small amount in the case of gases; but the phrase internal work has I 
not as yet acquired any very precise meaning. I 

External work performed against uniform hydrostatic or pneumatic 1 
pressure, may be computed by mulUplt/inf/ the increaee of volu-nie I 
by the j)resmre per uiiit area. For, if we suppose the expanding I 
body to be imraei'sed in an incompressible fluid without weight, con- I 
lined in a cylinder by means of a movable piston under constant I 
pressure, the work done by the expanding body will be s[>ent id I 
driving back the piston. Let A be the area of the piston, x the I 
distance it is pushed back, and /) the pressure per unit area. Then I 
the increment of volume is Ax, iind the work done is the product of I 
the force 2>A by the distance x, whicli is the same as the product of I 
P by Ax. I 

As an illustration of the different coui-ses by which a transitioD 1 
may be effected, suppose a quantity of gas initially at 0° C. and s I 
pressure of one atmosphere, and fiually at lOCC, and the same I 
pressure, the final volume being therefore 13(i6 times tlie iDitiid I 
volume Of the innumerable courses by which the transition may I 
be made, we will specify two:^ — ■ I 

1st. The gas may be raised, at its initial volume, to such a tern- I 
perature that, when afterwards allowed to expand against pressure ] 
gradually diminishing to one atmosphere, it falls to the tempeiatura j 
100° G Or, 

2d. It may be first allowed to expand, under pressure diminishing I 
from one atmoaphei-e downwaida, until its final volume is attained. ] 
and may then, at tliis constant volume, be heated up to 100°. J 

In both cases it is to be understood that no heat is allowed int ■ 
enter or escape during expansion. m 

Obviously, the first course implies the performance of a greater M 
amount of external work than the second, and it will require the I 



LOWERING OF FKEEZING-POINT BY PRESSDRE 



459 



communication to tbe gas of a greater quantity of lieat. — greater by 
tbe heat- equivalent of the difference of works. 

When a body passes through changes which end by leaving it in 
precisely the same condition in which it was at first, we are not 
entitled to assume that the amounts of heat which have entered and 
quitted it are equal. They are not equal unless tbe algebraic sum of 
external work done by the body during the changes amouikts to zero. 
If the body has upon tbe whole dotie [wsitive work, it must have 
taken in more heat than it has given out, otlierwise there would be 
a creation of enei^; and if it has upon the whole done negative 
work, it must have given out moi-e heat than it lias taken in, other- 
wise there would be a destruction of energy. In either case, Ike 
differeiuie bettveen the heat taken in and given out must be the 
equivalent of the algebraic eum of exf-ernal work. 

Tiiese principles are illustrated in the two following sections. 

SSSe. Lowering of Fieezis^point by Freesuie. — When a litre (or 
cubic decimetre) of water is frozen under atmospheric pressure, it 
forms 1-087 of a litre of ice, thus performing external work amount- 
ing to 087x103-3=9 kilogramme-decimeti-es = "9 of a kilogram- 
metre, since the pressure of one atmosphere or 760 mm. of raercuiy 
is 103*3 kilogrammes per square decimetre. Under a pressure of n 
atmospheres, tbe work done would be 9 n kilogrammetres, neglecting 
the very slight compression due to the increase of pressure. If the 
ice is allowed to melt in vacuo, no external work is done upon it in 
the melting, and therefore, in the whole process, at tbe end of which 
the water is in the same state as at the beginning, beat to the 
amount of i^; = ■0021 2 n of a calorie is made to disappear. This 
process Is reversible, for the water miglit be frozen in vacuo and 
melted under pressure ; and hence, by appendix (2) to the second law 
of therrao dynamics, we have 



where Q denotes the beat taken in in melting, which is 79'25 calories, 
T tbe absolute temperature at which tbe melting occurs, about 273°, 
and T' the absolute temperature of freezing under the pressure of n 
atmosplieres. Hence we have 

■00212 « r rS'M : : T-T : 273; 



T-T = -0073 71 
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that i», tlio freeziiig-point 13 lowered by OUTS of a degree Cent, for 
ciicli iitmoBpliere of pressure. 

S08r. Latent Heat at Temperatares below the Heltinp-point. — We 
have Been (§ 231j tliiit water may be preserved in tlie liquid state nl 
temperatures cousiderably below its normal freezing-point Wiien 
ice is formed at these low temperatures, the latent heat abaoibed 
must be less than 79 25, which is the latent heat at 0° C. For, 
neglecting the trifling amount of external work jierformed, we can 
ivHsort that the heat lost from a mass of water at 0°, in its passage to 
ice at — C, is independent of tlie order of operations. Now the specific 
heat of ice is "504, that of water being 1 ; hence the heat lost in making 
tlic transition in the oi-dinary way is 79 25 + 'oO* t, while that lost 
by first cooling down, and then freezing at —f is l+t, I denoting 
the latent heat at — f. Equating these two expressions, we have 
(=79-25 -496 1 

We have here assumed that the specific heat of ice ia -oOi at nil 
temperatures. Person's experiments seem to show that within a 
degree or two of the melting-point it has a much larger value. 

If the specific heata both of ice and water were constant at all 
temperatures, we miglit determine tlie position of the absolute zero 
of temperature by putting (=0, which gives — ("= —160° nearly, a 
result which differs widely from that deduced from the laws of gaseous 
expansion. 

Allowing for possible variations of specific heat with temperature, 
the expressions for the heat evolved in passing from water at 0° to 
ice at —t" are 79'25-l-(/ and l + ts, in wliich a denotes the mean 
epGcilic heat of water between 0° and —t°, and s' the mean specific 
heat of ice between the same limits. Equating these two expressions, 
we find 

I = 79'25 -((•-.■). 

When freezing once begins at a temperature below 0°, it proceeds 
very rapidly, accompanied by a rise of temperature, and ceases as 
soon as the temperature of the whole mass has risen to 0°. To com- 
pute the pi-oportions of ice at 0° and water at 0° which a given mass, 
of water at —t° will yield, we may reason as follows: — Calling the 
whole mass unity, to raise it from its initial condition to 0°, and then 
convert a fraction in, of it into ice at 0°, would require first the addition 
of ( heat-units, and then the subtraction of 7925m heat-units, that 
is upon the whole an addition of (—79-25 tjj. Now the external work 
being inconsiderable, the amount of heat required from without fer J 
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the conversion of a mass 1 of water at — f into m, of ice at 0' and 
l—Tn of water at 0°, will be independent of the order of procedure; 
and in the given case no heat ia added from without; we Lave 
therel'oi'B 



359. Animal Heat and Work, — We have every reason to believe 
that animal heat and motions are derived froiu the energy of chemical 
combinations, which take place chiefly in the act of respiration, the 
most important being the combination of the oxygen of the air with 
carbon wiiich is furnished to the blood by the animal's food. The 
first enunciation of this view has been ascribed to Lavoisier. Rumford 
certainly entertained very clear and correct ideas on the subject, for 
he says, in describing his experiments on the boring of cannon : — 

"Heat may thus be produced merely by the ativngth of a horse, 
and, in a case of necessity, this heat might be used in cooking vic- 
tuals. But no circumstances conid be imagined in which this method 
of procuring heat would be advantageous; for more heat might be 
obtained by using the fodder necessary for the support of a horse aa 
fuel" 

When the animal is at rest, the heat genemted by chemical com- 
bination is equal to that given otf from its body ; but when it works, 
mnt of heat disappears ecjuivalent to the mechanical effect 
produced. This may at first sight appear strange, in view of the 
fact that a man becomes warmer when he works. The reconciliation 
of the apparent conti'adiction is to be found in the circumstance that, 
in doing work, respiration is quickened, and a greater quantity of 
carbon consumed. 

Elaborate experiments on this subject were conducted by Him. 
He inclosed a man in a box containing a tread -mill, the shaft of which 
passed through the side of the box ; and the arrangements were such 
that the man conld either drive the mill against external I'esistance, 
by continually stepping from one tread to the next above in the usual 
way, or could resist the motion of the mill when driven from without, 
by continually descending the treads, thus doing negative work. 
i flexibla tubes were connected, one with his nostrils, and the 
t) bis mouth. He inhaled through the former, and exhaled 
B latter, and the air exhaled was collected and analyzed, 
"n off fiuni his body to the hua was also measured with 
tit'uxiiiiatioii. The carboQ exhaled, and heat gene- 
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rated, were both tolerably constaut in amount wlien the man was at J 
rest* When he was driving the mill by ascending the treads, the 1 
lieat given out was increased, but the carbon exhaled was increased 1 
in a much greater ratio. When he was doing negative work hy A 
descending the treads, the boat given out, though less in absolute 1 
amount, was greater in proportion to the carbon exhaled, than in I 
either of tiie other cnses. 

360. Heat of Chemical Combination. — There is potential energy' 
between tlie particles of two substances which would combine chemi- 
cally if the opportunity were afforded. When covibimiiion actually ' 
takes place, this potential energy runs down and yields an equii-alent 
of heat. We may suppose that the particles rush together in virtue ' 
of their mutual attraction, and thus acquire motions which constitute 
heat. I 

In every case of JecomposUion, an amount either of heat or some 
other form of energy must be consumed ecjuivalent to the heat €»f ] 
combination, I 

360a. Vegetable Growth. — In the growth of plants, the forces of | 
chemical affinity do negative work. Particles which were previously ' 
!ield together by these forces are separated, and potential energy is 
t!iua obtained. When wood is burned, this potential energy is con- 
verted into heat. ' 

We are not, however, to suppose that plants, any more than | 
animals, have the power of creating energy. The forces which are i 
peculiar to living plants are merely directive. They direct the j 
energy of the solar rays to spend itself in separating the carbon and 1 
oxygen which exist united in the carbonic acid of the air ; the carbon J 
being taken up by the plant, and the oxygen left I 

Coal is the remnant of vegetation which once exieted on the earth. I 
Thus all the substances which we are in the habit of employing aa I 
fuel, are indebted to the sun for the energy which they give out as I 
heat in their combustion. I 

361. Solar Heat. — The amount of beat radiated from the sun is I 
great almost beyond belief. The best measures of it have been | 
obtained by two instruments which are alike in principle — Sir John I 
Herschel's actinometer and PouiUet's pyrheliometer. We shall I 
describe the latter, which is represented in Fig. 314. At the upper I 
end, next the sun, is a shallow cylinder composed of very thin copper I 
or silver, filled with water in which the bulb of a thermometer is \ 
inserted, the stein being partially inclosed in the hollow tube which J 
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sapporta the cylinder. At the lower end of the tuhe is a disc equal 

and pai-allel to the base of the cj'linder. This is intended to receive 

the shadow of the cylinder, and tlms assist 

tlie operator in pointing the instrument 

direiitly towards the sun. The cylinder is 

iilaokened, in order that its absorbing power 

may be as great as possible. 

The instrnment, initially at the t«m- 
peratui-e of the atmosphere, is first placed 
for five minutes in a po.sition wliere it is 
exposed to tiie sky, but shaded from the 
sun, and the increase or diminution of its 
tem|>erature is observed; suppose it to be 
a fall of 0°, The screen which shaded it 
from the aun is then withdrawn, and its 
rise of temperature is observed for five 
miuutcs with the sun shining upon it; call 
this rise T°. Finally, it is again screened 
from the sun, and its fall in five minutes ia 
noted; — call this e'°. From these observa- 
tions it is inferred, that the instrument, 
while exposed to the sun, lost —w- to the 
air and surrounding objects, and that the whole heat which it 
received from the sun was T + -s-, or rather was the product of 
this difference of temperature by the thermal capacity of the 
cylinder and its contents. This is the heat which actually reaches 
the instrument from the sun, but a large additional amount has been 
intercepted by absorption in the atmosphere. The amount of this 
absorption can be roughly determined by comparing observations 
taken when the sun has different altitudes, and when tlie distance 
tiiLveraed in the air is accordingly different Including the amount 
thus absorbed, Pouillet computes that the heat sent yearly by the mm 
to the earth would be sufficient to melt a layer of ice 30 metrea thick, 
spread over ike surface of the earth; and Sir John Herschel'seatiraato 
is not very different. 

The earth occupies only a very small extent in space as viewed 
from the sun ; and if we take into account the radiation in all direc- 
tions, the whole amount of heat emitted by the sun will be found to 
be about 2100 million times that received by the earth, or aufiicient 
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to melt a thickness of twu-fiftlia of a mile of ice per hour over the 1 
wliole surface of the sun. m 

361a. Sources of Solar Heat. — The only causes that appear at all I 
adequate to produce such an enormous effect, are the energy of tl»e ' 
celestial motions, and tlie potential energy of solar gravitation. The 
motion of the earth in its orbit ia at the rate of about 9G,uOO feet per 
second. The kinetic energy of a pound of matter moving with this ^ 
velocity is equivalent to about 104,1)00 pound-degrees Centigrade,! 
whereas a pound of carbon produces by its combustion only 8U80. 1 
The inferior planets travel witli greater velocity, the square of thai 
velocity being inversely as tlie distance fi'oni the sun's centre; and I 
the energy of motion is proportional to the square of velocity. It 1 
follows that a pfumd of matter revolving in an orbit just outside Uie I 
sun would have kinetic energy about 220 times greater than if itM 
travelled with the earth. If this motion were arrested by the body I 
plunging into the sun, the heat genemted would be about 2800 timea J 
greater than that given out by tlie combustion of a pound of chorcoaL I 
We know that small bodies are travelling about in the celestial 1 
spaces; for they often become visible to us as meteors, their iscan-l 
descence being due to the heat generated by their friction against I 
the earth's atmosphere ; an<l there is reason to believe that bodies of 1 
this kind compose the immense circumsolar nebula called the zodiacal 4 
light, and also, possibly, the solar corona which becomes visible in I 
total eclipses. It is probable that these small bodies, being retarded J 
by the resistance of an ethereal medium, which is tooraretointerflsre'V 
sensibly with the motion of such lai-ge bodies as the planeta, arel 
gradually sucked into the sun, and thus furnish some contributioal 
towards the maintenance of solar heat. But the [>erturbation8 of th«' J 
inferior planets and comets furnish an approximate indication of tJiel 
quantity of matter circulating within the orbit of Mercury, and tbis'l 
quantity is found to be such that the heat which it could produce.! 
would only l)e equivalent to a few centuries of solar radiation. I 

Helmholtz has suggested that the smallnesa of the sun's denaty — 'M 
only i of that of the earth — may be due to the expanded condition 1 
consequent on the possession of a very high temperature, and tbafrl 
this high temperature may be kept up by a gradual contraction., I 
Contraction involves approach towards the sun's centre, and there- 1 
fore the performance of work by solar gravitation. By assumingfl 
that the work thus dune yields an equivalent of heat, he brings oufcl 
the result that, if the sun were of uniform density throughout, the I 
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heat developed by a contractiuD amounting to only one ten- thousandth 
of the Bolar diameter, would be as much as is emitted by the sun in 
2100 years. 

361b. Sources of Energy available to Man. — Man cannot produce 
energy; be can only apply to his purposes the stores of energy which 
he finds ready to his hand. With some unimportant exgejitions, 
theae can all be traced to three sources: — 

I. The aolar rays. 

II. Tlie energy of the earth's rotation. 

III. The energy of the relative motions of the moon, earth, and 
sun, combined with the potential energy of their mutual gravitation. 

The fires which drive our steam-engines owe iheir energy, as we 
have seen, to tiie solar rays. The animals which work for us derive 
their energy from the food which they eat, and thus, indirectly, from 
the solar rays. Our water-mills are driven by the descent of water, 
which lias fallen as i-ain from the clouds, to which it was raised in 
the form of vapour by means of heat derived from the aolar rays. 

The wind which propels our sailing-vessels, and turns our wind- 
mills, is due to the joint action of beat derived from the sun, and tlie 
«arth's rotation. 

The tides, which are sometimes employed for driving mills, are • 
due to sources II. and III. combined. 

The work which man obtains, by his own appliances, from the 
winds and tides, is altogether insignificant when compared with the 
work done by these agents without his intervention, this work being 
chiefly spent in friction. It is certain that all the work which they 
do, involves the loss of so much energy from the original sources; a 
loss which is astronomically insigniflcant for such a period as a cen- 
tury, but may produce, and probably has piT>duced, very sensible 
effects in long ages. In the case of tidal friction, great part of the 
loss must fall upon the energy of the earth's rotation ; but the case 
is very different with winds. Neglecting the comparatively insigni- 
ficant effect of aerial tides, due to the gravitation of the moon and 
sun, wind-friction cannot in the slightest degree affect the rate of the 
earth's rotation, for it is impossible for any action exerted between 
parts of a system to alter the angular momentum of the system 
(53 F.) The effect of easterly winds in checking the earth's rota- 
tion must therefore be exactly balanced by the effect of westerly 
winds in accelerating it In applying this principle, it is to be 
remembered that the couple exerted by the wind is jointly propor- 
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tioml to the force of friction resolved iD an easterly or westerly 
direction, and to the distance from the earth's axia 

Klc. Dissipation of Energy. — From the principlea laid down in the 
present chapter it appears that, although mechanical work can be 
entirely spent in producing its ec^uivalent of heat, beat cannot be 
entirely spent in producing mechanical work. Along with the con- 
version of heat into mechanical effect, there is always the transference 
of another and usually much larger quantity of heat from a body at 
a higher to another at a lower temperatura In conduction and 
radiation heat passes by a more direct process from a warmer to a 
colder body, usually without yielding any work at all. In these 
cases, tliough there is no loss of energy, there is a running to waste 
as far as regards convertibility ; for a body must be hotter than 
neighbouring bodies, in order that its beat may be available for 
yielding work. This process of running down to less available forms 
has been variously styled diffusion, degradation, and dissipation of 
energy, and it is not by any means confined to heat We can assert 
of energy in general that it often runs down from a higher to a 
lower grade (that is to a form less available for yielding work), and 
that, if a quantity of energy is ever raised from a lower to a higher 
■ grade, it is only in virtue of the degradation of another quantity, in 
such sort that there is never a gain, and ia generally a loss, of avail* 
able energy. 

This general tendency in nature was first pointed out by Sir W. 
Thomson. It obviously leads to the conclusion that the earth is 
gradually approaching a condition in which it will no longer be 
habitable by man as at present constituted. 
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S62. Heat-engines, — The name of beat-engioe or thermo-dynamic 
engine ia given to all machines wliicli yield work in virtue of heat 
wliich ia supplied to them. Besides the steam-engine, it includes the 
air-engine and the gas-engine. We shall first describe one of the 
beat forms of the air-engine. 

369. Stirling's Air-engiue. — Fig. 315 is a perspective view, and 
Fig 31 6 a section of the engine invented by Dr. Robert Stirling. 
The particular form here represented ia that wliich baa been adopted 
in France by M, Laubereau. It consists of two cylinders of different 
diameters, which are in communication with each other. The larger 
cylinder is divided into two compartments by a kind of large piston 
made of plaster of Paris, wliich, however, does not touch the sides of 
the cylinder, and thus leaves an annular space for communication 
between the two compartments. 

The bottom of the large cylinder, which is directly exposed to the 
action of the furnace, is slightly concave; the top is double, thus 
affording an intermediate space, through which cold water is kept 
circulating by means of a pump which is driven by the machine. 
From this arrangement it follows that, when the mass of plaster is 
at the bottom of the cylinder, it will intercept the heat of the fire, 
being a very bad conductor, and thus the air in the cylinder will be 
cooled by the water in the double top. On the other hand, when 
the piston is in contact with the refrigerator, the aii' will be exposed 
to the action of the fire, and its elastic force will, conaequently, be 
increased. 

~ ove, and contains a piston which 
■wheel of cast-iron, Thecom- 
'n the lower part 
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Suppose now that the large piston ia in contact with thfe rfefilfee^ 
ntot. while the small piston is in its lowest position. The air is thus 
ospoeed to the action of heat, expands, and raises the small piston. 
If we now suppo.w the large piston shifted to the bottom of the 




cyhnder, the air will cool, and its tension will diminish, becoming 
equal to or even less than that of the atmosphere. The small piston 
will thus be carried to the bottom of the cylinder by tlie movement 
of the fly-wheel, and will again l>e pushed up by the expanding 
air, if we suppose the large piston to rise jigain to the top of its 
ivUader. 
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This motion of tlie large piston is effected, na shown in the figure, 
by means of an eccentric on the nxle of tha fly-wheel. The engine 
is of small size, and is intended for 
purposes requiring but little power. 
To obtain high efficiency, according 
to the principles of the preceding 
chapter, the difference of tempera- 
ture between the two ends of the 
large cylinder should be very great, 
This amounts to aaying that the 
lower end must bo kept very hot, 
since it is practically impossible to 
keep the upper end much cooler 
than the surrounding atmosphere. 
The facility of maintainins; a. very 
high temperature constitutes at 

once the strength and the weakness of the air-engine. The bottom 
of the cylinder becomes rapidly oxidized, and needs frequent renewal 
Partly for this reason, and partly on account of the small expansi- 
bility of air as compared with the expansion which takes place when 
water is converted into steam, air-engines are seldom employed for 
high powers. 

864. The Steam-engine : its History.— As early as the seventeenth 
century, when Otto Guericke and Torricelli were investigating the 
pressure and the weight of air, attention had been given to the phy- 
sical properties of steam, and the idea of employing it as a source of 
work had been entertained. 

The first person who made steam drive a piston was Papin, a French 
philosopher, inventor of the digester and the safety-valve (born 1 (!50 ; 
died 1710}. About the year 1690 }ie constructed a. working model, 
consisting of a cylinder open at the top, containing a piston and a 
little water below it. The water was converted into steam by tlie 
application of heat, and raised the piston. The machine being then 
allowed to cool, the steam lost its tension, and the pressure of the 
atmosphere forced the piston to descend, A backward and forward 
motion was thus obtained, which Papin proposed to convert into a 
rotatory motion bymeansof rack* and pinion work and nitchet- wheels. 
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A description of Papin's machine is given in the Acta Uruditorutn 
under date 1690. 

Tlio first steam-engine actually employed for doing useful vrxyA 
■waa invented by Savery about 1697, and was extensively used for 
draining mines. Steam from a separate boiler was admitted to press 
upon tbe surface of water in a vessel, and thus force it up through 
an ascending pipe; and on the condensation of tbe steam, water from 
a lower level was raised into the vessel by atmospheric pressure. 
The condensation was effected by applying cold water to the outside 
of the vessel 

Savery's engine, which was a steam-pump, and not an engine 
adapted for general purposes, was superseded by an engine jointly 
contrived by Newcomen, Savery, and Cawley, which combined the 
cylinder and piston with the separate boiler and with condensation 
by the injection of cold water into the cylinder. This engine is 
generally referred to as Newcomen's atmospheric engine,— so called 
because the descent of the piston was produced by atmospheric pres- 
sure, on the condensation of the steam beneath it 

James Watt (born 173(i-, died 1819), who effected the most im- 
portant improvements in the steam-engine, had his attention called 
to the subject when engaged in repairing a model of Newcomen's 
engine, being at that time philosophical instrument maker to the 
Univeraity of Glasgow. His first improvement consisted in tbe 
introduction of a sei>arate ve.s3el for the condensation of the steam, 
BO as to allow of keeping the cylinder always hot 

This first improvement, which immediately produced a great saving 
of fuel, was followed by another of scarcely less importance. This 
consisted in substituting the pressure of steam for the atmospheric 
pressure, which in Newcomen's engine caused the downward stroke 
of the piston. The upward stroke was effected by means of a coun- 
terpoise, the steam being admitted to press equally both above and 
"below tbe piston. These two improvements, and a general ]>erfect- 
ing of tbe details of the machinery, caused Watt's engine to supersede 
that of Newcomen. The engine thus contrived by Watt is called 
amgle-acting, because only the down-stroke of the piston is produced 
by the pressure of steam. Tiiis arrangement is particularly adapted 
for pumping, and is commonly employed at the present day for 
draining mines. It was not long before Watt perfected his engine 
by employing steam to produce both tlie up-stroke and the dawn- 
stroke. This is the cliai-jicteristic of the double-acting engine, which 
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was carried to a liigb degree of perfection by tbe inventor himself, 
and which is now most frequently adopted as the source of moving 
power. We may add that the improvements introduced in the 
steam-engine since Watt's time have been matters of detail rather 
than of principle. We proceed to describe Watt's engine. 

366. PrincipU of the Double-acting- Kngine. — M (Fig. 317) is a boiler 
communicating with the top and bottom of the cylinder by means of 
two stop-cocks a and b. Connection can be established between the 
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cylinder and the condenser I by two other cocks c and d. If now 
tbe cocks a and c are opened, and h and d shut, the steam from the 
boiler will arrive above the piston P, while that which was previously 
introduced below wiC, by communication with the condenser, be 
more or leas condensed, and will thus lose its elastic force; the piston 
will accordingly descend to the bottom of the cylinder. The two 
cocks 6 and d are then opened, while the other two are shut; the 
steam above the piston is thus condensed, while that below the piston 
forces it up, thus causing the upward stroke, after which the piston 
may again be made to descend, and so on. 

We thus see that, by suitable manipulation of the atop-cocks 

' " * we can give the piston a backward and forward motion, which 

transformed into one of r For this purpose 
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tb« pislou-rod is connected with one end of the beam EG by the , 

jomte«l [larallelogram CEDE, wliile the other end of the beam is j 

juinlvd to the connecting-rod G L, which is itself jointed to the crank I 

vf the fly-wheel BR. I 

It will he seen that, if tlie piston descends, the action of the crank I 

will drive the wheel in the direction shown by the arrow. When 1 

tho piston has completed its downward stroke, the connecting-rod | 

luid tlie crank will be in a straight line, and the action of the former | 

upon the latter will have no tendency to turn the wheel eitlier way. I 

lliis jwsition is called a dead point. But the momentum acquired 1 

bv the fly- wheel will carry it past this position, and, the piston having 1 

tlion commenced its upward stroke, the rotatory movement will con- I 

tiuuu in the same direction until the rod and crank are at the other | 

iltuil point, which occurs at 180° fi*om the first, and is passed over I 

in tlje same way. We thus see that, by means of the alternate J 

motion of the piston, we can obtain a rotatory motion, which may j 

be imparted to a horizontal shaft, and made to drive machinery of I 

any kind. | 

The jointed parallelogram which connects the piston-rod with the I 

beam is one of the most ingenious of the improvements introduced I 

by Watt. Its use is evident. Wiien the engine ia at work, the end E 1 

of tlio beam describes an arc of a circle, while the end D of tlie piston- I 

rod moves in a straight line ; it is therefore impossible to joint them 1 

directly together. They are therefore connected through the medium I 

of tlio short rod ED, which, with the two other rods, BD and BC, I 

together with the part CE of tlie beam, form a jointed parallelo- I 

(iram, the angles of which can vary according to the position of the 1 

beam. The angle B is connected by a joint with the end of the I 

Todius-Tod BO, movable about the fixed iwint O. The effect of thia I 

arrangement is as follows: — If we take the beam in a hori:iontaI j 

position, and suppose the end E to rise, the point D will be drawn ] 

towards the left by the action of the beam, and towards the right by ] 

the action of the radius-rod B 0, which, from its checking the move- 1 

ment of the piston-rod to either side, is often called the hridle-rocL I 

It will easily be understood that these two contrary actions may be 1 

made to balance each other almost exactly, and that, accordingly, I 

the path of D will deviate very little from a straight line. I 

366. Arrangement for Admitting the Steam.— We have simplified J 

the description of the steam-engine by supposing that the cocks 4 I 

and c, b and d were alternately opened by hand, This, however, is 1 



THE SLIDE-VALVE. 



473 



not the actual arrangement, the opening and closing of the passages 
being really effected by automatic movementa The most usual 
arrangement for this purpose is the slide-valve, which we now pro- 
ceed to describe. 

The steam, instead of entering the cylinder directly, paaaea into it 
from a box in front of it (Fig. 318), which is culled the valve-ckesL 
In the opposite face of the box from that 
at which the steam enters, are three holes 
or ■porta near each other. The iippermoafc 
of these communicates with the upper 
part of the cylinder; tlie lowest one 
with the lower part; and the middle 
hole with o, which itself is in communi- 
cation with the condenser. Upon this 
face of the box tliere shdes a rectan- 
gular piece of metal, hollowed out on 
the side next these openings, and large 
enough to reach over two of the porta 
at once. 

In the right-hand figure this slUlc-valve ii 
top of its upward sti-oke, thus admitting the steam below the pistoD, 
and pushing it in the direction indicated by the arrow; wliile the 
steam above the piston is put in commnnication with the condenser. 
In the left-hand figure, the opposite position is shown ; tlie steam is. 
admitted above tlie piston, wliile the lower part of the cyHnder is in 
communication with the condenser. 

367. Movement of the Sliding:-valre. — It is desirable that the move- 
ment of the sUde-valve should be automatic; for this purpose the 
following arrangement is employed. A circular piece of metal c. 




lupposed to be at the 




called the eccentric, is traversed by the shaft of the engine in a point 
which is not the centre of the piece, and is rigidly attached to tho 
shaft. ' 'c is surrounded with a ring of metal, which caa 
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tur» I'lvely about it, and wliioh forms part of the triangular ft'aaie T. 
'I'h* VOTtox of the triangle is ^stened to a bent lever abc, which thus 
rtMwives uu oscillatory movement about the point b. This movement 
rfti»eH tirni lowent alternately the rod <^, which is attached to the 
■liiUiig- valve, and thus gives that valve its motion. 

368, Air-pump of the Condenser. — The condenser is a cylinder into 
whiuli n jet of cold water constantly plays, the quantity of whiob 
van be increased or diminished at pleasure. The steam, in its con- 
ileiiaation, heats the cold water, and at the same time the air con- 
tained ill the water is disengaged, owing to the small pressure in the 
oondenaer. It is thus found necessary to pump out both the air abd 
tho water; and the pump which does this is driven by the beam of 
the engine. 

The warm water thus drawn out is conducted to a reservoir, whence 
A portion of it is raised by a second pump, and forced into the boiler. 
Finally, a third pump, usually of greater power than the other two, 
raises water from some external source, and discharges it into a bath 
called the cold vxll, wliich feeds the condenser. These last two pumps 
are also connected with tiie beam of the engine. 

869. Govemor-batlB. — The apparatus called tlie governor-balla or 
tlie centrifugal governor was designed by Watt for the purpose of 
regulating the admission of steam in such a manner as to i-cnder the 
rate of the engine nearly constant tbrough all variations of the resist- 
ance to be overcome. 

It consists of a vertical axis y fFig. 320), which receives a rotatory 
movement from the macljine. To the top of this are jointed two 
rods a/3, a'ff, canying the heavy balls Z and 2'. Two other rods, 
/3«, /3'«', are jointed to the first, so as to form with them a lozenge, 
the lower end of which is fastened to a sliding-ring m, which sur- 
rounds the axis of rotation. Wlien the engine is at rest, the sides of 
the lozenge are as near as possible to the vertical, but when it begins 
to work, the balls are cari'ied out from the vertical by centrifugal 
force, and the distance increases with the velocity of rotation. The 
sliding-ring is tlius raised, and, by means of a system of levers, acta 
upon a throttle- valve (a disc turning about a diameter) in the steam- " 
pipe, so as to diminish the supply of steam to the cylinder when the 
velocity increases. 

370. Use of the Ply-wheel. — From the mode in which the motion 
of the piston is transmitted to tlie shaft, it is obvious that the dnvit^ 
couple undergoes great variations of magnitude, It is greatest f 
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flidered statically) when the entnk ia nearly at right angles to the 
connecting-rod, and diminishes in approaching the dead points, where 
it vanishes altogether. These variations in the di-iving couple tend to 
produce corresponding variations in the velocity of rotation. 
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instance, tbe engine drives a wheel with cams which raise a tilt- 1 
hammer, when the hammer falls the principal resistance ia removed, \ 
and the engine immediately begins to quicken its speed. When the I 
hammer is caught again by the next cam. the velocity is suddenly I 
diminished, and so on. Similar results, though not of so marked a 1 
character, are produced in engines of all kinds. These sudden changes ] 
of velocity, if not mitigated, would bo very injurious to the mechan- J 
ism of the engine, by the shocks which they would produce. 

The uae of the fly-wheel ia to remedy this evil. It is a wheel of I 
considerable size and weiglit (tlie weight being collected aa much as f 
pos.sible at the rim), and receives a rotatory movement from the 1 
engine. If the driving power increases, or the resistance diminishea, f 
all the moving parts of the engine acquii'e increased velocities ; but J 
the greatest part of the additional energy of motion thus generated T 
goes to the fly-wheel, which has such a large moment of inertia that J 
a very slight change in its angular velocity represents a large amount I 
of energy (§ 53 g). The energy thus absorbed by the fly-wheel is 
restored by it when the velocity is checked ; and the rotation of the I 
shaft is thus rendered nearly uniform in all parts of the stroke. The j 
size of the fly-wljeel is usually made such that the difference between I 
the greatest and least velocities shall not exceed about ^q of the mean I 
velocity. 

371. General Description of Watt's Engine. — The explanations ahove J 
giveu will enable the reader to understand tbe general arrangement j 
of Watt's engine as represented in Fig. 320. It is merely necessary J 
to remark that the slide-valve is sliglitly difl'erent from that deacribed.J 
above, but the modification is not of any importance. 

372. Working Expansively. — Among tbe moditications introduced! 
since Watt's time, we must notice in the flrat place what is oalled'l 
expansive working} When tbe piston has performed a part of ital 
stroke, the steam is shut off (or in technical phrase cut off) from tli»a 
cylinder, and the expansive force of the steam already admitted : 
left to urge the piston through the remainder of its course. By this! 
means a great economy of steam may be effected. The part of the J 
stroke at which the cut-otf occurs may be determined at pleasure^ m 
It ia sometimes at half-stroke, sometimes at quarter- stroke, 
times at one-fifth of stroke. In the latter case, the piston describi 
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the remaining four-fifths of its stroke under the gradually diminiah- 
ing pressure of the steam which entered the cylinder during the first 
fifth; and the work done during these four-fifths is so much work 
gained lij' working expansively. 

373. Hodiflcation of Slide-valve for Expansive Working^. — The cul^ 
ting-off of the steam hefore the end of the stroke is usually effected 
by the contrivance represented in Fig. 321 : ad, a'd', are two plates 
forming part of the slide-valve 

and of much greater width than ■ — ; ( \^ 

the openings L, L'. The excess 

of width is called lap. By this 

arrangement one of the apertures 

is kept closed for some time, so pig. ssi.-sude .»!.« for Eii*iui.s working. 

(hat the steam is shut off, and 

acts only hy its expansion. The expansion increases with the lap, 

but not in simple proportion, as equal movements of the slide-valve 

do not correspond to ecjual movements of the piston. The amount of 

expansion can also be regulated by means of the link-motion, which 

will be described in § 390. 

374. Compound Kngines. — Tliis is the name given to engines in 
which the steam performs the greater part of its expansion in a second 
cylinder, of much larger cross-section than the first, the increased 
area of pressure on the piston serving to compensate for the dimin- 
ished intensity of pressure which 
exists in the latter part of the stroke, 
and thus to produce greater steadi- 
ness of driving- power. Various me- 
thods have been adopted for con- 
necting the two cylinders. One 
arrangement for this purpose is re- 
presented in Fig. 322. p is the 
smaller piston, working in the 
smaller cylinder ABCD. P is the 
larger piston, working in the larger 

cylinder A'B'C'D'. In the up-stroke, the passage DA' is closed, and 
<JB' is open. The .small piston is forced up by the high-pressure 
steam beneath, while the steam above it, instead of escjiping to a 
condenser, expands into the large cylinder, and there raises the 
piston P, the upper "»'"f, nf the large cylinder being connected with 
the condenser. 1 ttroke, the passage CB' is closed, and 
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DA' is opea Tiic two pistcm-roda are connected with the same end 
of tlie beam, and rise and fall together. The distribution of the 
st«Am is effected by means of two slide-valves, each governed by fia 
eccentric 

Compound engines have heen adopted for some lines of oceaa- 
stcamers, where it is of primary importance to obtain as much work 
as iKissible from a limited quantity of fuel Engineers are, however, 
divided in opinion as to whether any advantage attends their use, 

S74a. Surface Condensation. — In several modern engines, the eon- 
denser consists of a number of vertical tubes of about half an inch 
diameter, connected at their enda, and kept cool by the external 
contact of cold water. The steam, on escaping from the cylinder, 
enters these tubes at their upper ends, and becomes condensed in its 
passage through them, thus yielding distilled water, which is pumped 
back to feed the boiler. The same water can thus be put through 
the engine many times in succession, and the waste which occurs is 
usually repaired by adding from time to time a little distilled water 
prepared by a sepai-ate apparatus. 

375. ClaEsiflcation of 8teain-eiig:iDes.— The distinctions which exist 
between different kinds of stationary engines relate either to the 
pressure of the steam, or to its mode of action, or to the arrangement 
of the mechanism, especially es regards the mode in which the move- 
ment of the piston is transmitted to the rest of the machinery. 

On the tirst of these heads, it must be remarked that the terms 
lene-preeaure and higk-prcusurc are no longer equivalent to con- 
densi/ng and non-ciyndeneimg as they once were, and merely express 
differences of degree. 

When the pressures employed are very low there is little risk of 
explosion and little wear and tear; but the engine must be very large 
in proportion to its power, and expansive working cannot be em- 
ployed. Low-pressure engines are always condensing, though the 
convei-se is not true. 

With regard to the mode of action of the steam, engines may be 
, biassed as condensing or non-condensing, as expansive or non-expan- 
Bve. Condensation increases the quantity of work obtainable from 
a given consumption of fuel, and is almost always employed for 
stationary engines where the supply of water is abundant, and also 
for marine engines, but it is dispensed with in locomotives and 
agricultural engines. 

Expansive working is also conducive to efficiency, as is obvioua 
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from § 372. Assuming tlie temperature of the steam to remain con- 
stant during the expansion, the following table, calculated by an 
application of Boyle's law, exhibits the relative amountii of work 




obtained from the same weight of steam with different ranges of 
expansion: — 
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i workiDg ia often combined with the superheating of 
aleiun, tliat is to say, heating the steam after it has beec formed, so 
as to raise its temperature above tlie point of saturation. This 
increases the difference of temperatures to which, according to the 
second law of tbermo-dynamics, tbe maximum efficiency is propor- 
tional ; and expenence has shown tLat an actual increase of efficiency 
is tlius obtained. 

376. Form and Arrangement of the Several Farts. — As regards tbeir 
nccbnuism, the arrangement of steam-engines is considerably varied. 
In stationary condensing engines, the beam and parallelogram are 
usnally retained; but the arrangement of high-pressure non-con- 
ilensing engines is generally simpler. The piston-rod frequently 
travels between guides, and drives the crank by means of a connect- 
ing-rod. The cylinder may be either vertical or horizontal, or even 
inclined at an angle. An engine of this kind is represented in Fig. 
323. 

Oscillating Engines. — The space occupied by the engine may be 
lessened by jointing the piston-rod directly to the crank without any 
connecting-rod. In this case the cylinder oscillates around two 
gudgeons, one of which serves to admit the steam, the other to let 
it escape. Tlie distribution of the steam is effected by means of a 
slide-valve whose moveraeuts are governed by those of the cylinder- 
Oscillating engines are very common in ateam-boatfi, and usually 
produce an exceedingly smooth motion. 

377, Rotatory Engines. — Numerous attempts have been made to 
dispense with the I'eciprocating movement of a piston, and obtain 
rotation by the direct action of steam. Watt himself devised an 
engine on this plan in 1782. Hitherto, however, tlie results obtained 
by this method have not been encouraging. Behren's engine, whicli 
we now proceed to describe, is one of the most promising of the 
rotatory engines. 

Fig. 325 is a perspective view of the engine, and Fig. 326 a crosa- 
section of the cylinders, showing the mode of action of the steam. 
Cand C are two parallel axes, connected outside by two toothed 
wheels, so that they always turn ia opposite directions. One of 
these axes is tlie driving-shaft of the engine. These two axes ara 
surrounded by fixed collars c and c, which fit closely to the cylin- 
drical sectors E and E'; these latter, which are rigidly coimected witb 
the axes C, C, are capable of moving in the incomplete cytinden 
band A', and act as revolving pistons. In the position represented 
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I Ikw another lialf-re volution, wliea the two sectors will 
1 thtf position represented in the figure. 
38fli Boilers. — There are many forma of boiler in use. That which 
13 represented in Fig. 327 is the 
favourite form in France, and is also 
extensively used in this country, 
wiipre it is called the French boiler, 
fir ihe cylindrical bolhrwllh /letttera. 
The main boiler-shell A is cylindrical 
with hemispherical ends. BB are 
two cylindrical tubes called heaters, 
of the same lengtli as the main shell, 
and connected with it by vertical 
tubes <^,t/, of which there are usually 
ibrM to each heater. A horizontal bi-ick partition, a little higher than 
the centres of the heaters, extends along their wliole length; and a ver- 
tical partition runs along the top of each heater, except where inter- 
nipt*d by the vertical tubes. The flame from tlie furnace is thus 
compelled to travel in tiie first instance backwards, lieneath the 





heaters; then forwards, through the intermediate space between the 
heaters the vertical tubes and the main shell; and lastly, backwards, 
through the side passages CC, which lead to the chimney. By thus 
compelling the flame to travel for a long distance in contact with 
the boiler, the quantity of heat communicated to the water is 
[ ioeteaeed. 

i level of the water is shown at A in the left-hand figure. Tha 
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oitive spaces aliotte<1 to tiie steam and the water are not always 
the same; but must always be so regulated that the steam sball 
arrive in the cylinder as drji as possible, that is to say, that it shall 
not carry with it drops of water. Before being iised, boilers should 
always be tested by subjecting them to much greater pressures than 
they will have to bear in actual use. Hydraulic pressure is com- 
monty employed for this puipose, as it obviates the risk of explosion 
in case of the boiler giving way under the test 

381. Boilers with the Fire Inside.— When it is required to lessen 
the weight of the boiler, without much diminishing the surface 
exposed to heat, ns in the case of marine engines, the method adopted 
is to place the furnace inside the boiler, so that it shall be completely 
surrounded with water except in front The flame passes from the 
furnace, which is in the front of the boiler, into one or two large tubes, 
leading to a cavity near the back, whence it returns through a 
number of smaller tubes traversing t)ie boiler, and finally escapes by 
the chimney. 

882. Bursting: of Boilers: Safety-valves. — Notwithstanding the tests 
to which boilers are subjected before being used, it too often happens 
that, owing either to excessivo_ pressure or to weakening of the boiler, 
very disastrous e.splosions occur. 

Excess of pressure is guarded against by gauges, which show what 
the pressure is at any moment, and by safety-valves, which allow 
steam to escape whenever the pressure exceeds a certain limit 

Various kinds of manometer or pressure-gauge have been described 
in Chap. xiv. That which is most commonly employed in connectton 
with steam-boilera is Bourdon's {§ 126). 

A thermometer, specially protected against the pressure and con- 
tact of the steam, is also sometimes employed, under the name of 
therrfio-manometer, on the principle that the pressure of satui-atcd 
steam depends only on its temperature. 

The safety-valve, represented in the upper part of Fig. 327, consists 
of apiece of metal, having the form either of a truncated cone or of 
a flat plate, fitting very truly into or over an opening in the boiler. 
The valve is pressed down by a weighted lever; the weight and the 
length of the lever being calculated, so that the force with which the 
valve is held down shall be exactly equal to the force with which the 
steam would tend to raise it when at the limiting pressure. In 
movable o.ii;,^in(.'s, tlie weighted lever is replaced by a spring, ihe 
tons' ' 'h oiui be regulated by means of a screw. 
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Snfety-valvea afford ample protection against the danger arising I 
from gradual increase of pres.sure ; but they are liable to fail in cases ' 
where there is a suddea generation of a large quantity of steam. This 
explosive generation of steam may occur from various causes. j 

If, for instance, the water in the boiler is allowed to fall too low, I 
the sides of the boiler may be heated to so high a temperature that, 1 
when fresh water is admitted, it will be immediately converted into I 
steam on coming in contact with the metal. I 

Hence it is of great importance to provide that the water in the 1 
boiler shall not fall below a certain level, depending on the shape of ] 
the boiler and furnace. 

The following are the means employed for securing this end: — 

1. Two cocks are placed, one a little below the level at wliich the 
water should stand, and the other a little above it; these are opened 
from time to time, when water should issue from the fii'st, and steam 
from the second. 

2. The water-gaitge is a strong vertical gla.ss tube, having its enda 
fitted into two short tubes of metal, proceeding one from the steam- , 
space and the other from the water-space. The level of the water is I 
therefore the same in the gauge as in the boiler, and is constantly I 
visible to the attendant The meUil tul>es are furnished with cocks, 1 
which can be closed if the glass tube is accidentally broken. I 

384. Causea of Explosion. — Another cause of the explosive genera^ I 
tion of steam is the incrustation of the boiler with a hard dejiosit, I 
due to tlie impurities of the water employed. This crust is a bad I 
conductor, and allows the portion of the boiler covered with it to I 
become overheated; when, if water should find its way past the cra8t> I 
and come in contact with the hot metal, there is great danger of j 
explosion. 1 

The best preventive of incrustation is the employment of distilled J 
water in connection with surface condensation (§ 374a), In default I 
of this, portions of tlie water in the boiler must be blown off from I 
time to time so as to prevent it from becoming too highly concMi- 1 
trated. This is especially necessary when the boiler is fed with salt J 
water. I 

Among the causes of the bursting of boilers, we may also notiedl 
undue smallness of the vertical tubes in boilers with heaters (§ 380). J 
When this fault exists, the steam which is generated is not imuiA^l 
diately replaced by water, and oveiheating is liable to occur. ■ 

Another cause of explosions is probably to be found in a propattoJ 
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of water which has only recently been i-ecognized. It has been 
Bhown that, when water is deprived of air, it does not begin boiling 
till it has acquired an abnormally high temperature, and then bursts 
into steam with explosive violence (§ 263, Donny'a experiment). 
This danger is to be apprehended when a boiler, which has been 
allowed to cool after being for some time in use, is again brought 
into action without the addition of a fresh supply of water. 

But it appears that the most frequent cause of boiler explosions is 
the gradual eating away of some portion of the boiler by rust, so as 
to render it at last too weak to withstand the pressure of the steain 
within it. The only general remedy for this danger is periodical and 
enforced inspection. 

385. Feeding of the Boiler: Giffard'B Injector. — The feeding of the 
boiler is usually effected by means of a pump driven by the engine 




itself Of late years this plan has been largely superseded by 
QiSiird's invention of an apparatus by means of which the boiler is 
snpplied with water by the direct action of its own steam. 

This very curious apparatus contains a conical tube tt, by which 
the steam issues wlien the injector is working ; the steam from the 
boiler conies through the tube W, and enters the tube tt through 
smi its cJrcimifcrence, On issuing from the cone ( (, the 
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Bteam enters another cone cc, wliere it meets the water which is to 
feed the boiler, and which cornea through the tube EE. The contact 
of the water and the steam produces two results: (1) the steam, which 
possesses a great velocity due to the pressure of tlie boiler, communi- 
cates part of its velocity to the water; (2) at the same time the steam 
is condensed by the low temperature of the water, so that at the 
extremity of the cone as far as cc the entire space is occupied hy 
water only, with the exception of a few bubbles of steam vhich 
remain in the centre of the liquid vein. 

The liquid, on issuing from the cone ec, ti-averses an open space 
for a little distance before entering the divergent opposite cone d d, 
through which it is conducted to the boiler by tiie pipe M. The 
water will not enter the boiler unless it possess a sufficient velocity 
to produce in tbe divergent cone a greater pressure than that which 
exists in the boiler; when this is the case, the excess of pressure opena 
a valve, and water enters the boiler from the injector. 

We may complete this brief desciiption by pointing out one or 
two arrangements by which tbe action of the apparatus is regulated. 
It is useful to be able to vary the volume of steam issuing through 
the cone ti, as required by the pressure in the boiler; this is easily 
effected by means of the pointed rod a a, which is called tbe needle, 
and is screwed forwards or backwai'ds by turning a handle. It is 
also necessary to be able to regulate the volume of water which enters 
tbe cone c c from the supply-pipe E ; this is done by means of a lever, 
which is not shown in the figure, and which moves tbe tube and 
cone 1 1 forwards or backwards. 

Tbe tube E dips into a bath containing tbe feed-water; and AT 
is the overflow pipe. i 

It appeal's at first sight paradoxical that steam should be able, as 
in Gitfard's injector, to overcome its own pressure, and force water 
into the boiler against itself; but it must be remembered that the 
water which is forced in is leas bulky than the steam which issues^ 
so that the exchange, though it produces an increase of mass in tbe ■ 
contents of the boiler, involves a diminution of pressure, aa well i 
a fall of temperature. 

386, Locomotive: History. — Tbe following sketch of the histoiy of 1 
the locomotive is given by Professor Rankine,' '■ The a])pIication oS 
the steam-engine to locomotion on land was, according to Watt, sug- 
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gested by Robison in 17J9. In 1784 Watt patented a locomotive^ 
engine, which, however, he never executed. About the same time 
Murdoch, assistant to Watt, made a very efficient working model of 
a locomotive-engine. In 1802 Tievithick and Vivian patented a 
locomotive- engine, which wns constructed and set to work in ISOt 
or 1805, It travelled at about 5 milea an hour, with a net load of 
ten tons. The use of iixed Bteam-enginea to drag trains on railways 
by ropes, was introduced by Cook in 1S08. 

"After various inventors had long exerted their ingenuity in vain 
to give the locomotive-engine a firm hold of the track by means of 
rack work-rails and toothed driving-wheels, legs and feet, and other 
contrivances, Blackett and Hedley, in 1813, made the important dis- 
covery that no such aids are required, the adhesion between smooth 
wheels and smooth rails being sufficient. To adapt the locomotive- 
engine to the great and widely-varied speeds at which it now has to 
travel, and the varied loaJa which it now has to draw, two things 
are essential — that the rate of combustion of the fuel, the original 
source of the power of the engine, ehalladjuat itself to the work which 
the engine has to jierform, and shall, when required, be caps.ble of 
" being increased to many times tiie rate at which fuel is burned in 
the furnace of a stationary engiue of the same size ; and tliat the 
surface through whicli heat is couuuunicated from the burning fuel 
to the water siiall be very large compared with tlie bulk of tiie 
boiler. The first of these objects is attained by tlie bl<Mt-pipe, in- 
vented and used by George Stephenson before 1825; the second by 
the tubular boiler, invented about 18S£), simultaneously by S^guin 
in France and Booth in England, and by the latter suggested to 
Stephenson. On the 6th October, 1829, occurred that famous tiial 
of locomotive-engines, when the prize offered by the directors of the 
Ijverpool and Manchester Railway was gained by Stephenson's 
engine the 'Rocket,' the parent of the swift and powerful locomo- 
tives of the present day, in which the blast-pipe and tubular boiler 
are combined. Since that time the locomotive engiue has been varied 
and improved in various details, and by various engineers. Its weight 
now ranges from five tons to fifty tons ; its load from fifty to live 
hundred tons ; its speed from ten miles to sixty mUes an hour." 

389. Description of a Locomotive. — A section of a locomotive is 
represented in Fig. 329, The boiler is cylindrical. Its forward end 
^e beneath the chimney, called the smoke-box. At its 
IT opening, sun-ounded above and on the two sides 
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by tlie boiler, and called the Jire-box. TLe fuel is heaped up on the 
bare which form the bottom of the fire-box, and the ciiidera fall on 
the line. The fire-box and smoke-box are connected by brass tubes, 
firmly rivetted to the ends of the boiler; and tlie products of ci 




tion escape by traversing these from end to end. The tubes are veiy 
numerous, usually from 150 to 18U. thus affording a very large beat- 
ing surface. The water in the boiler stands high enough to cover all 
the tubes, as well as the top of the fire-box. Its level is indicated in 
the same way as in stationary engines ; and water is pumped in from 
the tender as required; its amount being regulated by means of a 
atop-cock in the pipe e. 

The steam escapes from the boiler by ascending into a dome, which 
forms its highest part, and thence descending the tube p, thia 
arrangement being adopted in order to free the steam from drops of 
water. It then passes through a regulator q, which can be opened 

k greater or less extent, into the pipe a, which leads to the valv&- 
fl and traverses the whole length of the boiler. There are two 
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cylindera, one on each side of tlie engine, each having a valve-chest 
and aliile-valve. by meana of which steam is admitted alternately 
before and behind the pistons. The steum escapes from the cylinder, 
through the blast-pipe v, up the chimney, and thus increases the 
draught of the fire, a is one of the pistons, b the piston-rod, cc the 
connecting-rod, which is jointed to the crank d an the axle of the 
driving-wheel th. The cranks of the two driving-wheels, one on each 
side of the engine, are set at right angles to each other, so that, when 
one is at a dead point, the other is in the most advantageous position. 
MJ ia a spring safety-valve, and J the steam-whiatle. 

390. Apparatus for Reversing: Iiink-motion. — The method usually 
employed for reversing engines is known as Stephenson's link- 




motion, having been first employed in locomotives constructed by 
Robert Stephenson, son of the maker of the "Rocket." The merit 
of the invention belongs to one or both of two workmen in his 
employ — Williams, a drauglitsman, who first designed it, and Howe, 
a pattern-maker, who, being employed by Williams to construct a 
model of his invention, introduced some important improvements. 

The link-motion, which is represented in Fig. 330, serves two pur- 
poses; first, to make the engine travel forwards or backwards at 
pleasure; and, secondly, to regulate the amount of expansion which 
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shall take place in the cylinder. Two oppositely placed eccentrics, 
A and A', have their coiinccting-roda jointed to the two extremities 
of the link B B', which is a curved bar, having a slit, of uniform 
width, extending along nearly its whole length. In this slit travels 
a stud or button C. forming part of a lever, which turns about a fixed 
point E. The end D of the lever DE is jointed to the connecting- 
rod DN, which moves the rod P of the slide-valve. The link itself 
is connected with an arrangement of rods L I K H,' which enables the 
engine-driver to raise or lower it at pleasure by means of the handle 
GHF. Wlien the link is lowered to the fullest extent, the end B 
of the connecting-rod, driven by the eccentric A, is very near the 
runner C which governs the movement of the slide-valve; this valve, 
accordingly, which can only move in a straight line, obeys the eccen- 
tric A almost exclusively. When the link is raised as much as pos- 
sible, the slide-valve obeys the other eccentric A', and this chunge 
reverses the engine. When tlie link is exactly midway between tlie 
two extreme positions, the slide-valve is influenced by both ecocB- 
trica equally, and consequently remains nearly stationary in its 
middle posibioti, so tliat no steam is admitted to the cylinder, aad 
the engine stops. By keeping the link near the middle position, 
steam is admitted during only a small part of the stroke, and con- 
sequently undergoes large expansion. By moving it nearer to one 
of its extreme positions, the travel of the slide-valve is increased, the 
ports are opened wider and kept open longer, and the engine will 
accordingly be driven faster, but with less expansion of the steam. 
As a means of regulating expansion, the link-motion is far from per- 
fect, but its general advantages are such that it has come into veiy 
extensive use, not only for locomotives but for all engines which need 
reversal. 

393. QaB-eiieriiifi8' — This name includes engines in which work iB 
obtained by the expansion of a mixture of coal-gas and air, on igni~ 
tion or explosion. In Lenoir's engine a piston is driven alternately 
in opposite directions by successive ignitions of such a mixture oa 
opposite sides of it, the proportions of gas and air being such as not 
to yield a true explosion, 

In the engine of Otto and Langen (Fig. 331), a true explosive 
njixture is introduced beneath tlie piston, and is exploded by means 

' I ii a Sxed coobre of motion, miiI tlie rods KI, ML are ligidlj connected M ri^it 
ftnglcs to each other. M is a heavy piece, ftciving to couuterpoiac the link iui4 eocentlla 
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of a lighted jet, which is brought into contact with the mixture by 
means of a hole in a movable plate of metal, driven by an eccentria 
The upward movement of the piston thus produced is too violent to 
admit of being directly communicated to machinery. The piston-rod 
is a rack, working with a pinion, which is so mounted that it can 
slip round on the shaft when the piston ascends, but carries the shaft 
with it when it turns in the opposite direction during the descent of 
the piston, this descent being produced by the pressure of the atmo- 
sphere, as the steam resulting from the explosion condenses, and the 
unexploded gases cool. The vessel shown on the right contains cold 
water, which is employed to cool the cylinder by circulating round 
the lower part of it. The quantity of water required for this purpose 
is much smaller, and the consumption of gas is also much less^ than 
in Lenoir's engine. 
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394. Temperature of the Air. — By the temperature of a place 
meteorologists commonly understand the tem.perature of the air at 
a moderate distance (a or 10 feet) from the ground. This element is 
easily determined when there ia much wind ; but in calm weather, 
and especially when the sun is shining powerfully, it is often difficult 
to avoid the disturbing effect of radiation. Thermometers for 
observing the temperature of the air must be sheltered from rain 
and sunshine, but exposed to a free circulation of air. 

395. Mean Temperature of a Place. — The 'mean temperature of a 
day ia obtained by making numerous observations at equal intervals 
of time throughout the day (24 hours), and dividing the sum of the 
observed temperatures by their number. The accuracy of the deter- 
mination 13 increased by increasing the number of observations; as 
the mean tempei-aiure, properly speaking, is the mean of an infinite 
number of temperatures observed at infinitely short intervals. 

If the curve of temperature for the day ia given, temperature being 
represented by height of the curve above a horizontal datum line, 
the mean temperature is the height of a horizontal line which gives 
and takes equal areas; or is the height of the middle point of any 
straight line (terminated by the extreme ordinatea of the curve) 
which gives and takes equal areaa 

Attempts have been made to lay down rules for computing the 
mean temperature of a day from two, three, or four observations at 
stated hours; but such rules are of very limited application, owing to 
the different character of the diurnal variation at different places ; 
and at best they cannot pretend to give the temperature of an 
individual day, but merely results which are correct in the long run. 
Observations at 9 a.m. and 9 pm. are very usual in this country; and 
the ' " "L of the tem[)eratures at these hours is in general a good 
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approxiTnation to the mean temperature of the day. The half-sum 
of the highest and the lowest temperature in the day, as indicated 
by maximum and miiiimiiiu thermometers, is often adopted as the 
mean temperature. The result tlius obtained is usually rather 
above the true mean temperature, owing to the circumstance that 
the extreme heat of the day is a more transient phenomenon than 
the extreme cold of the night. The employment of self i-egistering 
thermometers has, however, the great advantage of avoiding errors 
arising from want of punctuality in the observer. The correction 
which is to be added or subtracted in order to obtain the true mean 
from the mean of two obsei-vations is called a correction for diurnal 
range. Its amount differs for different places, being usually greatest 
where the diurnal range itself (§ 113) is greatest. 

The mean temperature of a calendar month, is computed by 
adding the mean temperatures of the days which comimse it, and 
dividing by their number. 

The mean temperature of a year is usually computed by adding 
the ■ mean temperatures of the calendar months, and dividing by 
1 2 ; but this process is not quite accurate, inasmuch as the calendar 
months are of unequal length, A more accurate result is obtained by 
adding the mean temperatures of all the days in the year, and 
dividing by 305 (or in leap-year by 306). 

396. iBothennalB. — The distribution of temperature over a large 
region is very clearly represented by drawing upon the map of this 
region a series of isotltermal lines; that is, lines characterized by the 
property that all places on the same line have the same temperature. 
These lines are always understood to refer to mean annual tempera^ 
ture unless the contrary is stated ; but isothermals for particular 
months, especially January and July, are frequently traced, one 
servin" to show the distribution of temperature in winter, and the 
other in summer. Tlie first extensive series of isothermals was drawn 
by Humboldt in 1817, on the basis of a large number of observations 
collected from all parts of the world ; and the additional information 
which has since been collected has not materially altered the forms 
of the lines traced by him upon the terrestrial globe. They are in 
many places inclined at a very considerable angle to the parallels of 
latitude ; and nowhere is this deviation from parallelism more obser- 
vable than in the neighbourhood of Great Britain, Norway, and Ice- 
land—places in this region having the same mean annual temper^ 
ature as places in Asia or America lying from 10° to 20° further south. 
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399. Insular snd Continental Climatea. — Tiie differeoce between 
the temperatures of summer and winter b greatest in tlie interior of 
largQ continents, and smallest in small islands in tlie midst of the 
ocean; large masses of water being exceedingly slow in changing 
their temperature, and powerfully contributing to prevent extremes 
of temperature from occurring in their neighbourhood. It is common 
to distinguish in this sense between continental climates on the one 
hand and iiwular or inarine climates on the other. 

Some examples of botli kinds are given in the following tabla 
The temperatures are Centigrade: — 

Ma&ini Cu hates. 



Faroe IJanilB 

lile of Unit (Sbetluia), 

Iile of Man 

Penxance, 
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ll°flO 
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11 82 
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15 -oa 
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2*'- 


-10 22 


17-55 


27- 


-13-06 


17 -35 




- 16 -49 


16 08 






16-00 


33- 


-38 W 




66- 



400. Temperature of the Soil at Different Depths.— By employing 
thennonietei's with their bulbs buried in the earth, and their stems 
projecting above, numei-ouH observations liave been made of the 
temperature from day to day at different depths from 1 inch to 2 or 
3 feet; and at a few places observations of the same kind have been 
made by means of gigantic spirit-tbei-mometers with ■ exceedingly 
strong bulbs, at depths extending to about 25 feet It is found that 
variations depending on the hour of the day are scarcely sensible at 
the depth of 2 or 3 feet, and that those which depend on the time 
of year decrease gradually aa the depth increases, but still remain 
sensible at the depth of 25 feet, the range of temperature during a 
year at this depth being usually about 2° or 3° Fahrenheit. 

It ia also found that, as we descend from tlie surface, the seasons 
lag more and more behind those at the surface, theretardation amount- 
ing usually to something less than a week for each foot of descent; 
80 that, at the depth of 25 feet in these latitudes, the lowest tem- 
perature occurs about June, and the highest about December. 

Theory indicates that 1 foot of descent should have about the same 
toa diurnal variattona as jtffiSJJiat is 19 feet on annual variar 
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tions ; understandiDg by sameness of effect equal absolute amownta of 
lagging and equal ratios of diminution. 

Aa tlie annual range at the surface in Gi'cat Britain is usually about 
3 times greater than the diurnal range, it follows that the diumal 
range at the depth of a foot should be about one-tliird of the anDUal 
range at the depth of 19 feet. 

The variations of temperature at the surface are, as every one 
knows, of a very irregular kind ; so that the curve of surface tem- 
perature for any particular year is full of sinuosities depending on 
the accidents of tliat year. The deeper we go, the more regular does 
the curve become, and the more nearly does it approach to the char- 
acter of a simple curve of sines, whose equation can be written 



Neglecting the departures of tlie curve from this simple character, 
theory indicates that, if the soil be uniform, and the surface plane, 
the annual range (which is equal to 2 a) goes on diminishing in geo- 
metrical progression as the depth increases in arithmetical ; and 
observation shows that, if 10 feet he the common difference of depth, 
the ratio of decrease for range is usually about i or J. I 

To find a range of a tenth of a degree Fahrenheit, we must go to 
u deptli of from 50 to 80 feet in this climate. At a station where 
the surface range is double what it is in Great Britain, we should 
find a range of about two-tenths of a degree at a depth and in a eoil 
which would here give one-tenth. I 

These remarks show tiiat the phrase "stratum of invariable tem- 
perature," which is firequentl}' employed to denote the supposed lower 
boundary of the region in which annual range is sensible, has no 
precise significance, inasmuch as the boundary in question will vaiy 
its depth according to the sensitiveness of the thermometer employed. 

401. Increase of Temperature Downwards. — Observations in all 
parts of the world show that the temperature at considerable depths, 
such as are attained in mining and boring, is much above the surfiue 
tempel-ature. In sinking a shaft at Rose Bridge Colliery, near ' 
Wigan, which is the deepest mine in Great Britain, tlie temperature ' 
of the rock was found to be 94° F. at the depth of 2440 feet* In I 
cutting the Mont CtSnis tunnel, the temperature of the deepest part, 
with 5280 feet of rock overhead, was found to be about 85° F. 

The rate of increase downwards is by no means the same every- 
where; but it is seldom so lapid as 1° F, in 40 feet, or so slow as 1' F 
in 100 feet. The observations at Kose Bridge show a mean rate a 
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incre&'te of aljoufc 1" in 55 feet ; and this ia about the average of the 
results obtained at other placea 

This state of things implies a continual escape of heat from the 
interior of the earth by conduction, and the amount of this loss per 
aonuni can be approximately calculated from the absolute values of 
conductivity of rock which we have given in Chap. xxx. 

There can be no reasonable doubt that the decrease of temperature 
upwards extends to the very surface, when we confine our attention 
to mean annual temperatures, for all the heat that is conducted up 
through a stratum at any given depth must also traverse all the 
strata above it, and beat can only be conducted from a warmer to a 
colder stratum. Professor Forbes found, at his three stations near 
Edinburgh, increases of l°-38, 0^96, and O"! 9 F. in mean temperature, 
in descending through about S2 feet, that is, from the depth of 3 to 
the depth of 2^ French feet. The mean annual temperature of the 
surface of tlie ground is in Great Britain a little superior to that of 
the air above it, so far as present observations show. The excess 
appears to average about 1° F. At Trevandrum in India the excess 
is in the same direction, and amounts to 5" or 6° F. 

402. Decrease of Temperature Upwards in the Air. — In comparing 
tiie mean temperatures of places in the same neighbourhood at dif- 
ferent altitudes, it is found that temperature diminishes as height 
increases, the rate of decrease for Great Britain, as regards mean 
annual temperature, being about 1° F. for every 300 feet A decrease 
of temperature upwards is also usually experienced in balloon ascents, 
and numerous observations have been taken for the purpose of deter- 
mining its rate. Mr. Glaisber's observations, which are the most 
numerous as well as the most recent, show that, upon the whole, the 
decrease becomes less rapid as we ascend higher; also, that it is less 
rapid with a cloudy than with a clear sky. The following table 
exhibits a few of Ur. Olaisber's averages: — 







BsigUt 


With olmr tky. Villi tlmij t\Lj 


rromO tnlOMfeat, . . 


. 1' F. in 139 leet. 1° F. in S22 feet 


Pwro to 10,(HH) ft. . . 


. r F. in 288 feet. 1" F. in 331 feet. 


From to 20,000 ft. . . 


. V F. in 365 fe«t. 1= i\ in W8 feet 



These rates may bo taken as representing the general law of decrease 
which prevails in the air over Great Britain in the daytime during 
the summer half of the year ; but the results obtained on dillerent 
doffi difler widely, and alternations of increase and decrease are by 
ODCommon in passing iin-Drirda through successive strata 
lore recent obatt ^r^^y Ht' Glaishec, ceiatiixi% 
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chiefly to tlie fii-st 1000 fett of air, show tbat the law varies with the 
hour of tbe day. The decrease upwards is most rapid soon after 
midday, and is at this time, and during daytime generally, more 
rapid as the height is less. Ahout sunset there is a uniform deotase 
at all heights if the sky is clouded, and a uniform temperature if tbe 
sky is clear. From a few observations wliich have been taken after 
sunset, it appears that, with a clear sky, there is an hicivasc upwards 
at night. 

That an extremely low temperature exists in the interplanetary 
Bpaces, may be inferred from the experimental fact recorded by Sir 
John Hersehel, that a thermometer with its bulb in tbe focus of a 
reriector of sufficient size and curvature to screen it from lateral 
radiation, falls lower when the a.<(is of the reflector is directed upwards 
to a clear sky than when it is directed either to a cloud or to the 
snow-clad summits of the Alps. Tlie atmosphere serves as a pratection 
against radiation to these cold spaces, and it is not surprising that, 
as we increase our elevation, and thus diminish the thickness of the 
coating of air above us, the protection should be found less complete. 

403. Cooling of an Ascending Column of Air — Whenever a body 
of air ascends, it expands, in consequence of the diminution of pres- 
sure; and the work which it does in cxpandmg consumes a portion 
of its heat, and lowers its temperature. In like manner, when air 
descends, the work done upon it in compressing it raises ite tempera- 
ture. The amount of this ciiange of temperature can be at once 
inferred from § 347a, by putting ( = 1° G, a= U0360. /3=-4l. In 
fact, a compression or expansion amounting to '00366 of the volume 
which the air would occupy at zero, alters its temperature by '41° C. 
Consequently, for an alteration of 1° C. we must have a change of 
volume amounting to 00893, which, in conjunction with the change 
of temperature, implies a change of pressure amounting to '00S93-f- 
■003CC=0126:= gg of the actual pressure This corresponds to an 
ascent or descent through gg of the height of a homogeneous atmo- 
sphere C§ 111a), that is, through about 330 feet. For a change of 
1° F., the required height mil be 183 feet. These numbers are com- 
puted on the assumption that tbe air is sufticiently dry to behave like 
a permanent gas. If ascending air contains vapour which is con- 
densed by the loss of heat, this condensation greatly retards the cool- 
ing ; and if descending air contains mist which is dissipated by the 
gain of heat, this dissipation retards the warming. 

It is obvious that the ascent of warm air will not occur, unless the 
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actual decrease of temperature upwards is more lupld than tlie cool- 
ing due to ascent; for air will not rise if the process of rising would 
make it colder and heavier tban the air througli which it would Iiave 
to pass. 

404. Causes of Winds. — The influences which modify the dii-eclion 
and intensity of winds are so varioua and comphcated that anything 
tike a complete account of tiiem can only find a place in treatises 
specially devoted to that subject There is, however, one fundamental 
principle which suffices to explain the origin of many well-known 
winds. This principle is plainly illustrated by the follo\ving es|)eri- 
menti due to Franklin. A door between two rooms, one heated, and 
the other cold (in winter), is opened, and two candles are placed, one 
at the top, and tiie other at the bottom of the doorway. It is found 
that the flame of the lower candle is blown towards the heated room, 
and that of the upper candle away from it. 

From this experiment we can deduce the following general prin- 
fliple:— WAen two neighbouring regioTia are at different iempet-a- 
turea, a current of air flows from tlie v)a>~mer to the colder in the 
upper etrcUa of the atmoaphere; and in tlie lower strata a cwrent 
flowafrom the colder to the wai-mer. We proceed to apply this prin- 
ciple to the land and sea breezes, the monsoons, and the trade-winds. 

405, Land and Sea Breezes. — At the sea-side during calm weather 
a wind is generally observed to spring up at about eight or nine in 
the morning, blowing from the sea, and increasing in force until about 
two or three in the afternoon. It then begins gnidually to die away, 
and shortly before sunset disappears altogether. A few hours after- 
wards, a wind springs up in the opposite direction, and lasts till 
nearly sunrise. These winds, which are called the aea-bi-eeze and 
land-breeze, are exceedingly regular in their occurrence, though they 
may sometimes be masked by other winds blowing at the same time. 
Their origin is very easily explained. During the day the land grows 
warmer than the water; hence there results a wind blowing towards 
the warmer region, tliat is, towards the land. During the night the 
land and sea both grow colder, but the former more rapidly than tlie 
latter; and, accordingly, the relative temperatures of the two elements 
being now reversed, a breeze blowing from the land towards the eea 
is the consequence. 

Monsoons. — The same cause which, on a small scale, produces the 
diurnal alternation of land and sea breezes, produces, on a larger scale, 
th^ ■'l alternation of monsoons in tfc %n Ocean, and the 

i prevail in &oai« ()y|<«i . .-jf^tk^Ntcti^A. "£\^«, 
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dirtrtion of these winds is towards continents in Bummer, 
■^ndjiinir from tliem in winter. 
P 406. Tnde-winds: General AtmoBpheric Cironlation. — The trade- 
wiihls UK winiis wliich blow constantly from a north -eastei-]y quarter 
,«w a «»i'p *>f *■'•* noft''^''" hemisphere extending from a little north 
of liw twpic of Cancer to within 9 or 10 degrees of the equator; anil 
frtMD a south-easterly quarter over a zone of the southern hemisphere 
extending from about the tropic of Capricorn to the equator. Tiieir 
limits vary slightly according to the time of year, changing in the 
same direction tv* the sun's declination. Between them is a zone 
some 5" or 0° wide, over which calms and variable winds prevail 

The cause of the trade-winds was first correctly indicated by 
Badley. 'fbe greater power of tiie sun over the equatorial regions 
cftases a continual ascent of heated air from them. This flows ovei- 
to both sides in the upper regions of the atmosphere, and its place is 
supphed by colder air (lowing in from both sides below. If the 
(^rtli were at rest, we should thus have a north wind sweeping over 
the earth 'h surface on the northern side of the equatorial regions, and 
a south wind on the soutiiern side. But, in virtue of the earth's 
rotation, all points on the earth's surface are moving from west to 
east, with velocities proportional to their distances from the earth's 
axis. This velocity is nothing at the poles, and increases in approacb- 
ipg the equator. Hence, if a body on the earth's surface, and origi- 
naily it rest relatively to the earth, be urged by a force acting along 
ft meridinn, it will not move along a mei-idian, but will outrun the 
earlli. or fall behind it, according as its original rotational velocity 
^ffia greater or less than those of the places to which it cornea That 
is to say, it will have a relative motion from the west if it be approach- 
ing the pole, and from the east if it be approaching the equator. 

This would be true, even if the body merely tended to keep its 
original rotational velocity unchanged, and the reasoning becomes 
Ktill more forcible when we apply the principle of conservation of 
angular momentum (§§53f,q), in virtue of which the body tends 
to increase' its absolute rotational velocity in approaching tlie pole, 
and to diminish it in approaching the equator. 

Thus the currents of air which flow in from both sides to the 
equatorial regions, do not blow fi-om due north and due south, but 
from north-east and south-east. There can be little doubt that, not- 
withstanding the variable character of the winds in the temperate and 
fKgid zones, there is, upon the whole, a continual interchange of air 
^^ The ttndency la for velodtj to »kj inversely >« dirtsnce from the a^u^^tioa. 
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between them and the intertropical regions, brought about by the 
permanent excess of temperature of the latter. Such an interchange, 
when considered in conjunction with the difference in the rotational 
velocities of these regions, implies that the mass of air over an equa- 
torial zone some 50° or 60° wide, must, upon the whole, have a rela- 
tive motion from the east ; and that the mass of air over all the rest 
of the earth must, upon the whole, have a relative motion from the 
west. This theoretical conclusion is corroborated by the distribution 
of barometric pressure. The barometer stands highest at the two 
parallels which, according to this theory, form the boundaries between 
easterly and westerly winds, while at the equator and poles it stands 
low. This difference may be accounted for by the excess of eentii- 
fugnl force possessed by west winds, and the defect of centrifugal force 
in east winds. If the air simply turned with the earth, centrifugal 
force combined with gravity would not tend to produce accumulation 
of air over any particular zone, tiie ellipticity of the earth being pi'e- 
cisely adapted to an equable distribution. But if a body of air or 
other fluid is moving with sensibly different rotational velocity from 
the earth, the difference in centrifugal force will give a tendency to 
move towards the equator, or from it, according as the differential 
motion is from the west or from the east The easterly winds over 
the equatorial zone should therefore tend to remove air from the 
equator and heap it up at the limiting parallels; and the westerly 
winds over the remainder of the earth should tend to draw ivir away 
from the poles and heap !t up at tlie same limiting parallels. This 
theoretical consequence exactly agrees with the following table of 
mean barometric heights in different zones given by Maury:' — 



Korth Latiliide. 


Baromeler. 
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B«nnM« 


0° to 6° . . . 


. . . 2981B 
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. . 2B-S81 


10' to 15° . . 


. . . 29'eel 


10= to 16° . . 


. , a0'028 


15° to 20' . . 


. . . 30018 


15' to 20' . . 


. . 30-oeo> 


'Id' M 2fi° . . 


. . 80-081 


20° to 25° . . 


. . 30-102 


25° to SO" . . 


. . . 30'H9 


25' to 80° . . 


. . 30'OB6 


SO'toZG" . . 


. . . 30-21I) 


30' to 38' . . 


. . 30-0B3 


35° to tO" . . 


. . . 30'12l 


«'63' . . . 


. . 29 90 


40°lo«' . . 


. . 30'077 


iS' V . . . 


. . 29-88 


iS" to 50° . . 


. . 30030 


49° r . . . 


. . 2947 


61° 28' . . . 


. . . aB'SB 


61° 33' . . . 


. . 2960 


59° &l' . . . 


. . 20-88 


Bt'28* . . . 


. . 39-86 
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This table shows that the barometric height falls off regularly on 
both aides from tlie two limiting zones 30° to 35° N. and 21)° to 25° S.. 
the fall continuing towards both poles as far as the observations 
extend, and continuing inwards to a central minimum between 0° 
and 5° N.' 

If the bottom of a cylindrical vessel of water be covered with saw- 
dust, and the water miule to rotate by stirring, the saw-dust will be 
drawn away from the edges, and heaped up in the middle, thus 
showing an indraught of water along the bottom towards the region 
of low barometer in the centre. It is probable that, from a similar 
cause (a central depression due to centrifugal force), there is an 
indraught of air along the eartti's surface towards the poles, under- 
neath the primary circulation which our theory supposes ; the diminu- 
tion of velocity by friction against the earth, rendering the lowest 
portion of the air obedient to this indraught, which the upper strata 
are enabled to resist by the centrifugal force of their more rapid 
motion. This, according to Professor James Thomson,* is the ex- 
planation of the prevalence of south-west winds in the north tem- 
jreratG zone ; their southerly component being due to the barometric 
indraught and their westerly compiment to differentiiil velocity of 
rotation. The indraught which also exists from the limiting parallels 
to the region of low barometer at the equator, coincides with the 
current due to difference of temperature; and this coincidence may 
be a main reason of the constancy of the trade-winds, 

406a. Orijria of Cyclones. — In the northern hemisphere a wind 
which would blow towards the north if the earth were at rest, does 
actually lilow towards the north-east; and a wind which would blow 
towards the south blows towards the south-west In both coses, the 
earth's rotation introduces a component towards the right with 
reference to a person travelling with the wind. In the southern 
hemisphere it introduces a component towards the left. 

Again, a west wind has an excess of centrifugal foice which tends 
to carry it towards the equator, and an east wind has a tendency to 
move towards the pole; so tiiat here again, in the northern hemi- 
sphere the deviation is in both cases to the right, and in the southern 
hemisphere to the left. 

' The eitpliiiiBtion hare given of the »ocuniiilntion of air ton-ardu tha limiting paralUUi, 
M duo to eicGEi anil defect of centrifugal force, appeitn to linve been lirrt publlibed by 
Mr. W, Feml. k gentlenun connected with tlie Amoricnn Nautical Almamick. HU Utw 
•re»ti«« (186l». reprinted froro voli. i. li. of the ifalhcmatkat Monthly, ia the 
*- :.:.._ t.... ~u.n nUk. 



' ' *. JMof. Beport, 1857. 
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Wa have tliua an explanation of cyclonic movements. In the 
northern hemisphere, if a sudden diminution of pressure occurs over 
any large area, the air all round for a considerable distance receives 
an impetus directed towards this area. But, before the converging 
streams can meet, they undergo deviation, eacli to its own right, so 
that, instead of arriving at their coinroon centre, they blow tangen- 
tially to a closed curve surrounding it, and thus produce an eddy 
from right to left with respect to a person standing in the centre. 
This is the universal direction of cyclonic rotation in the northern 
hemisphere; and the opposite 
rule holds for the southern 
hemisphere. The former is 
opposite to, the latter the 
same as the direction of motion 
of the handa of a watch lying 
with its face up. In each case 
the motion is opposite to the 
apparent diurnal motion of the 
sun for the hemisphere in which 
it occurs. 

407. Anemometers. — Instru- 
ments for measuring either the 
force or the velocity of the wind 
are called anemometers. Its 
force is usually measured by 
Osier's anemometer, in which 
the pressure of the wind is 
recdved upon a square plate 
attached to one end of a spiral 
spring (with its axis horizon- 
tal), which yields more or less according to the force of the wind, 
and transmits its motion to a pencil which leaves a trace upon 
paper moved by clock-work. It seems that the force received by 
the phite is not rigorously praportional to its size, and that a plate 
a yai'd square receives rather more than 9 times the pressure 
of a plate a foot sqtiare. The anemometer which has yielded the 
most satisfactory results is that invented by the Rev. Dr. Robinson 
of Armagh, which is represented in Fig. 331a, and which indicates 
the v§J|j|i^_of the wind. It consists of four hemispherical cups 
jds of equal horizontal arms, forming a horizontal 
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cross, which turns ireely about a vertical axis. By means of aa end- I 
less screw carried by the axis, a train of wheel-work is set in motion; I 
and the indication is given by a hand which moves round a dial; or, [ 
in some instruments, by several hands moving round diSerent diala 1 
like those of a gas-meter. The anemometer cod also be made to 1 
leave a continuous record on paper, for which purpose various con- 
trivances have been succes.'ifully employed It was calculated by the ] 
inventor, and confirmed by his own experiments both in air and j 
water, as well as by experiments conducted by Prof C. Fiazzi Smyth ■ 
at Edinburgh, and more recently by the aatronomer-royal at Green- 
wich, that the centre of each cup moves with a velocity which is 
almost exactly one-third of that of the wind. This is the only velo- 
city-anemometer whose indications are exactly proportional to the 
velocity itself Dr. Wheweira anemometer, which resembles a small ] 
windmill, is very far from fulfilling this condition, its variations of J 
velocity being much less than those of the wind 

The direction of the wind, as indicated by a vane, can also be made j 
• to leave a continuous record by various contrivances ; one of the j 
most common being a pinion carried by the shaft of the vane, and I 
driving a rack which carries a pencil But perhaps the neatest 1 
arrangement for this purpose is a large screw with only one thread I 
composed of a metal which will write on paper. A sheet of paper is I 
moved by clock-work in a direction perpendicular to the axis of the j 
screw, and is pressed against the thread, touching it of course only 1 
in one point, which travels parallel to the axis as the screw turns, 
and cornea back to its original place after one revolution. When ona 1 
end of the thread leaves the paper, the other end at the same instant j 
comes on. The screw turns with the vane, so that a complete revo- 1 
lution of the screw corresponds to a complete revolution of the wind. I 
This is one of the many ingenious contrivances devised and executed j 
by Mr. Beckley, mechanical assistant in Kew Obsei*vatory. 



